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ABSTRACT 


Ihis thesis presents small signal stability evaluation for a single machine 
infinite bus system with two parallel lines One line is series compensated by a 
Thyristor Controlled Series Capacitor (TCSC) and the other line is shunt 
compensated at the midpoint by a Static Var Compensator (SVC) Eigenvalue 
studies are performed to explore the possibilities of increasing the power transfer 
capability of different combinations of the study system Powei System Stibih/ei 
(PSS) when added to the excitation system damps the system oscillations for all the 
investigated system configurations TCSC when employed with Constant Current 
(CC) controller provides good system damping compared to TCSC with Constant 
Angle (CA) controller It is shown that a combination of TCSC with CC controller 
SVC and PSS results in a significant increase of power transfer capibihty ot the 
system In addition such combination of FACTS devices ensures improved steady 
state voltage profile and simultaneous control of power sharing between two par illel 
lines of the study system 
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Chapter 1 


INTRODUCTION 


1 1 Introduction 

To meet the load demand in a complex interconnected power system 
and to satisfy the stability and reliability criteria either the existing 
transmission lines must be utilized more ettectively or new lines should be 
added to the system Increased cost and right of the w ly (ROW) 
constraints lestiicts the installation of new lines In piactice ac 
transmission lines aie undei utilized This has necessitated examination ot 
strategies for better utilization of existing transmission system Modem 
power electronic compensating and controlling systems are seen to be the 
means to achieve this goal 

1 2 Limitations to Power Flow 


The causes which limit the power flow are 

• Reduced voltage profiles with inciease in power flow 

• Insufficient compens ition of series impedance and shunt admittanee ot 
the line 

• Reduced stability margin with increase in power flow 

The power flow over an ac line between buses 1 and 2 is given by 

VV 

P= — — SinS 


X 


Where P is the powei flow ovei the line 1 2 V/ ind V ait the voltij,t ni igniludts U 
busts 1 and 2 X is iht lolal stiits it itt uitt ol iht lint 
6 IS the phase angle ddfeitnce between the two bus voltages 

From the above equation the maximum power transfer capability ot the line c in be 
increased by 

i) Increasing the voltage magnitudes (use of shunt capacitors SVC etc ) 

b) Decreasing the senes impedance of the transmission line (use of senes 
capacitors TCSC etc ) 

c) Incie ising the angulai diffeience between two bus voltages 

CONSTRAINTS 

1) Voltages should be within ±5% ot nominal voltige 

2) Steady state angular difference b should not exceed 30° in oidei to have good 
transient stability margin 

FACTS devices emerged to make the above conditions a b c possible 

In transmission systems with multiple parallel paths between generation and load 
the actual major power paths can have an important impact on system operation duiing 
bothsteady state and tnnsient conditions By employing variable senes and shunt 
compensation using powei electronic controllers power flow over an ic transmission 
line becomes flexible In other woids such an ac transmission system becomes a 
llexible ac tnnsmission system (FACTS) 

1 3 FACTS 

The IEEE definition for FACTS [3] is as follows Alternating cuiient 
transmission systems incorporating power electronic based and other static controllers to 
enhance cohtrollability and increase powei transler capability 

This collective acronym FACTS has been used in recent years to describe a wide range of 
controllers many of them incorporating large power electronic converters which may at 


present or in the future be used to ineie isc the flexibility of powci systems and thus m ike 
them more eontiollable The two m un objeetives foi the development of F\C FS ue 

• To mere ise the power transfer c ip ibility of transmission networks ind 

• To provide direct contiol of power flow over designated transmission loutes 

The FACTS eontiolleis ire of two types shunt connected controllers ind senes 
connected e eontrolleis 

131 Shunt Controllers 

These piovide reictive power compens ition to control voltages it desired buses 
[11] and their location influences active power flow also There ire diffeient types of 
shunt controllers as desciibed below 

STATIC VAR COMPENSATOR (SVC) 

Befoie static var compensators became widely available the adjustment of vollige 
in a transmission system other than at the terminals of a geneiator was possible only by 
mechanical switching of shunt elements or by providing synchronous condenscis The 
switching of shunt reictois or cipacitois is comparatively crude causing ibrupt vollige 
changes along with voltage and current transients The SVC on the other hand provides 
rapid and fine control of voltage without moving paits Early technologies (Eaily 1960s) 
included the satuiated reactor which is not a power electronic system but since 1980s the 
thyiistoi has been the sole basis for shunt vir compensating equipment 

The SVC uses convention il thyristors to achieve fast control of shunt connected 
cipacitors indreictors 

The most important property ol the SVC is its ability to mainliin i subst inti illy 
constant voltage at its terminals by continuous adjustment of the reactive powei it 
exchanges with the power system The control characteristic usually has a small positive 
slope to stabilize the operating point (which is defined as the intersection with system 
loadline) under contingencies the compensator provides reactive power suppoit to quickly 
removes it should load be removed Also using auxiliary control signals (like line cuiient 
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line active and reactive powers etc ) it is possible to improve system damping These 
auxili iry signals modul itc the volt ige level in accoidance with the input sign il 

STATIC SYNCHRONOUS COMPENSATOR (STATCOM) 

It beh ivts IS t solid st itc synchronous voltigc source th it is in ilogous to in idc il 
synchronous michine which generates a balanced set ot sinusoidal voltages at the 
fundament il frequency with rapidly controllable magnitude and phase angle In idclition 
to reactive power compensation with a suitable Direct Current (DC) energy storage device 
such as a battery or super conducting magnet this conti oiler might in the lutiiio be used to 
handle peik power demand and pievent powei intenuptions 

THYRISTOR CONTROLLED BRAKING RESISTOR (DYNAMIC BRAKE) 

Braking resistors are designed to provide generator speed conti ol by dissiptting 
powei in a power resistor Stability limits of synchionous geneiators can be impioved by 
reducing the imbalance between machine mechanical power and electiical power duiing 
faults Thyristors controlled braking resistor can enhance the above function by using 
electronic lathei than mechanical switching This will give faster response in both closing 
and reopening 

13 2 Series Controllers 

They ue connected in series ind used foi active powei flow contiol The diffcicnt 
types ol senes eonli oilers uc 

THYRISTOR CONTROLLED PHASE SHIFTING TRANSFORMERS 

Since the power flow on transmission line is proportional to sine of the angle 
across the line utilizing a phase shifter to vaiy the angle across the line cm contiol the 
steady state power flow Rapid phase angle control can be accomplished by replacing the 
mechanical t ip changers by a thyristor switching network 
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THYRISTOR CONTROLLED SERIES COMPENSATOR (TCSC) 


Adjusting the net senes impedance of the line can control powei ti instei between 
two busts Convention il senes compens ition schemes switch e ip iciiois to v uy the level 
of compensation using mechanical devices such as power circuit breakers The limit itions 
of mechanical switching devices force conventional series compensation schemes to be 
switched in lelatively large disciete segments Furthermore the scheme is slow in tcims 
of lesponse time Thyiistor contiolleis have the capability of lapid contiol of line 
compensation ovei a continuous lange with lesulting flexibility 

TCSC controllers use Thynstoi Controlled Reactoi (TCR) in p u illel with 
capacitor segments This combination tllows capacitive leactance to be contiolled 
smoothly ovei a wide range and switched upon command to a condition wheie the bi 
directional thyristor pairs conduct continuously resulting in insertion of an inductive 
reactance into the line TCSCs also allow higher levels of senes compensation with 
significantly reduced iisk of SSR interaction [15] opeiated m a vciniei inode they t ike on 
an inductive lesistive impedance characteristic at SSR frequencies thus icting to cl imp 
those oseill itions TCSCs cm be quickly swilchcd (o hyp iss mode (wilhm ‘'2 cycle) 
with the resulting inductive reictince effective in reducing short ciicuit cuirent levels 
When conventional senes eapaeitois ue inseiled in a line a DC olfset exists in the 
capacitor volt tge which dissipates slowly as a subsynchronous oscillation With a TCSC 
this post insertion DC offset can be eliminated within a few cycles by active control of bi 
directional thyiislors TCSCs are also used for damping of small signal powei oscill itions 
in a tie line [16] Strategies for powei oscillation damping with TCSC using local 
parameters such is line eunent magnitude is also reported in liteiatuie 

1 4 POWER SYSTEM STABILIZER (PSS) 

The Power System Stabilizer uses auxiliary stabilizing signals to control the 
excitation system so as to improve power system dynamic performance It is well 
established that f ist acting exciters with high gain Automatic Voltage Regulator (AVR) 
can contribute to oscillatory instability in power systems This type of instability is 
characterized by low frequency (0 2 to 2 0 Hz) oscillations which can persist (01 even 
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glow in m ignitude) This type of instability can endanger system security and limit powti 
transfer The major factors that contiibute to instability are 

• Lo iding of the genei Uor oi the line 

• Power transfei cap ibility of tiansmission lines 

• Power factor of the generator 

• AVRgiin 

A cost efficient and satisfactory solution to the problem of oscillatoiy insttbility is 
to provide damping for genci itoi rotor oscillations Providing powei system stibilizeis 
(PSS) which aie supplementary contiollers in the excitation system conveniently docs this 
It can be generilly said th U need for PSS will be felt in situations when powci h is to be 
transmitted ovci long distinces with weik AC ties Commonly used input sign ils to PSS 
are shaft speed teiminal fiequency and power Power system dynamic peifoiininee is 
improved by the damping of system oscillations This is a veiy effective method of 
enhancing small signal stability performance 


1 5 Objective and Philosophy 


The mam objective of this work, is to investigite into vinous possibilities of 
achieving high powei transfei with contiol overpower flow on transmission line As the 
existing lines are usually undei utilized it is desired to increase then powei ti insfei 
capability Triditionally it was not possible to contiol powei flow ovci i line in a 
network This is the reason why ac lines are called uncontrolled lines as far as power 
transfer is concerned However control can be achieved thiough scries compens ition 
which changes the effective series reactance of the line If the power line is very long 
(greater than 500Km) terminating close to the characteristic imped ince becomes 
imperative To increase power levels that can be transmitted either the characteiistic 
impedance has to be reduced (by adding senes compensation TCSC) or the transmission 
voltiges his lo be mcieised Reiclive powei ti instei depends numly on voll ige 
magnitudes and to transmit it over long distances require a large voltage gradient An 
increase in reactive power transfer causes an increase in active as well as reactive power 
losses To overcome the above difficulties in this work static var compensator (SVC) is 


6 


used on Line 1 which meets the dynamic requirements of the reictive powei ind 
impi oves the ste idy st ite tr insient pei loi m inee of the system 

This woik rssumes thit there exists a single machine infinite bus system with i 
single line (Line 1) compensated at the midpoint by a SVC Investigation has been c lined 
out to exploie the possibilities ot doubling the existing power tiansfer which is 500MW 
A new line is connected in paialle! with SVC line (Line 1) and to have contiol on powci 
flow 1 TCSC IS employed on Line 2 Both the lines aie 600 Km long hiving naturil loid 
ot 540 MW The contribution of PSS to damp the system oscillations h is been studied 

In the literatuie it is lepoited that the system compiismg eithei ot the two FACTS 
devices (SVC and TCSC) impioves stability of the system and increases the powei 
transfer cipibility of the system with control on power flow Besides this they offer 
number of advantages Then the thought of exploiting the advantages of these two FACTS 
devices motiv ited to do this thesis work Overall a coordinated control scheme is 
developed foi the two FACTS devices and PSS in the study system 

1 6 Organization of Chapters 


Chaptei2 describes the development of models tor the synchionous genei itoi 
excitation system mechanical system SVC and its controllers TCSC and its controllers 
and network The overall systems model formation for the single machine two line 
infinite bus system is described The model is line iri/cd iiound in opci iting point foi the 
purpose of peifoiming small signal cigtn value inilysis 

In Chapter^ studies are performed on single machine infinite bus system with two 
parallel lines with and without PSS This chapter fuithei subdivided into two types 
Type I SVC and TCSC aie not included in the study system Type II I he study system 
comprises only SVC on Line 1 and no controllable device on Line 2 Studies arc 
performed on the system with and without PSS and Line Current auxiliary conti oiler 

Chapter4 discusses the results obtained from the eigenvalue studies performed on 
SMIB system with two paiallel lines comprising only TCSC on Line 2 and no dynimic 
device on Line 1 Studies earned out on the system without PSS and with constant angle 
(CA) and constant current (CC) controllers 
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Ch ipttr‘5 discusses the itsults ot the SMIB syslem wilh two p ii ilLl lines h iviii^^ 
SVC on Linel ind TCSC on Line2 Studies aie pei formed foi different combin ilions ol 
SVC TCSC with Constant Angle (CA) and Constant Current (CC) contiollers PSS ind 
Line Current auxihaiy controller of SVC 

A brief review of the various contributions of this thesis and the scope for the 
future woik has been consolidated in chapter 6 
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Chapter 2 


SYSTEM MODELING 


2 1 Introduction 

In this chapter constituent subsystems of the study system nre modeled md the powei 
system is linearized around an operating point foi the purpose of small sign il an ilysis Sttte 
space equations are developed toi the overall system The overall model of the system is 
obtained by appiopriately combining the above component models The system model 
thus obtained is nonlmeir in nature 

2 2 Study System 


The study system depicted in Fig 2 1 An lllOMVA synchronous geneiatoi is 
connected to in infinity bus via two 400 kV ti insmission lines One line is senes 
compens ited by fhyiistoi Contiolled Senes Cap leitoi (fCSC) ind the othei line is 
compensated it the midpoint by a Fixed Capacitoi - Thyristoi Controlled Reiclor (FC 
TCR) type Static Var Compensatoi (SVC) Each line is of 600 Km long having natuie lord of 
540 MW 

2 3 Generator Model 


The mathematical model of the synchronous generator used heie is is pioposed 
in [2] The schematic of the synchronous generator is shown in Fig 2 2 This shows 
three identical armature windings a b c and four rotor windings f h g and k t 
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coil represents the lotoi field winding The iictitious ^ eoil lepiesents the elleel ol 
eddy euiients which ciictiUte in the solid steel ot rotor The h ind k eoils 
lepresent the damper winding along d and q axis respectively All windings except the 
field winding are short circuited as they are not connected to voltage sources 


The following assumptions are made 

(i) Fundamental fiequency mmf distribution is considered in the tir gtp 

(ii) Subtrinsient saliency IS neglected Thus Xd = Xq 
(ill) Satuiation is ignoied 

Assumption (n) and (iii) can be relaxed but is generally used to simplify the 
analysis The effects of machine damping and prime movei dyn imics tie smill ind 
can ilso be neglected tor simplicity 

The generator model described here can be further subdivided into 
( i) statoi circuits 

(b) lotor ciicuits 

(c) mechanical system 

(d) excitation system 

2 3 1 Stator Circuits 

In this model the stator ol synchronous generatoi is lepresented by i 
dependent cuirent souite Is in parillel with an inductance Ls ts shown in Fig 2 3 
The dependent current source replaces the time varying coupling between the rotoi 
windings tnd stitor windings It may be noted thu Is is i (3x 1) veetoi md Is is 
a (3x3) matrix These are expressed as 


Is=l/, I, c+/,^ 


(2 1 ) 


10 


TCSC 



STUDY SYSTEM 














whclc. 


c' =^(2/3) [cos0 cos(6*-2;r/3) 005(6* + 2;^/ 3)] 
s' =7(2/3) [sin^ sin(^-2;r/3) 5]n(^ + 2;T/3)] 


Id Iq die components ot dependent current souice along the d and q axis 
respectively 6 is the lotoi ingle Subsciipt t indicates transpose 
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(2 2 ) 


Such i repiesentation of machine can handle both the symmetric il and 
unsymmetne il networks equally well If the external network connected to m ichinc 
terminals is symmetrical as considered in this case a b c components can be 
transformed to a f) 0 components The advantage of this transform ition is th U all 
the three a fi 0 component models are uncoupled 

Moreover a network is identical with network and is the s ime is positive 
sequence netwoik model 

Equivalent source representation of the michine on a 0 ixcs is dciivcd in 
[4] and shown in Fig 2 4 The equivalent circuit consists of three meshes which aie not 
mutually coupled denotes the irmalurc resist nice The cuircnts in the meshes 

correspond to a fi o components of the armituie currents The rel itionship between 


a 0 components and the phase curients i if and i is given by 
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(2 3) 


The dependent current sources m a /} frame of reference are defined as 


J 
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(2 4 ) 
(2 5 ) 

2 3 2 Rotor Circuits 


/„ = 1 1 cos6 + / ^ sin6 
I = -I j sm6 + 7^ cos 6 


The rotor flux linkages aie defined by 


+a +b,V/ +/; 1, 

4 ^, =0,^', + 0 , 4 ^, +h,i, 

4 ^^ = 0 , 4 ^^ + 0 , 4', (2 6 ) 

where v, is the field excitation voltage 

const ints o^~a^ defined in Appendix A The d and q components 

of the machine terminal curient die defined by ij as 


h =• 


2;7r, 


271^ 


i cos^ + i, cos(^ — cos(^ + — ) 

2;r 2/r 

/ sln6^^ 1 , sin(6^-~) + / sin(6' + — ) 


It IS noted thu cuirents i, ind i^ are defined with respect to the michine 

reference frame However to have i common axis of representation with the ic 
network these currents are tnnsformed to D Q frime of refcicnce which is lotiting it 
synchionous speed The following tiansformation is employed 

1 1 cos <5 -sin <5 
sin^ cos^ 


(2 7 ) 
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FIG 2 . CIRCUIT MODEL FOR THREE PHASE STATOR OF 
SYNCHRONOUS MACHINE 



(a) a Axis repiesentation 


R 



(b) P Axis represent Uion 


R 



(c) 0 Axis representation 


FIG 2 4 EQUIVALENT REPRESENTATION OF 

SYNCHRONOUS MACHINE ON a P 0 AXIS 


6 





whtic i/, /y uc, the iLsptclive components of michine euiient ilonj, D ind Q 
axis 6 IS the ingle by which d ixis leads the D axis 

Substituting eqn (2 7) in eqn (2 6) and linearizing the resulting equition gives 
the stite equation of the rotor circuits as 

X R ~~ A R X R B R)U, R[ B K U R B mU R (2 8) 


where 

Ur = Uri~\^ 'o ^ 

Mitiices Ar Br\ Br Br^ defined in Appendix B Sec B 1 

The output equation ot the rotor subsystem is developed by utilizing the 
relationship between Ij I ^ and the rotor flux linkages as given in [2] 


where constants C|-c^ are dclined in Appendix A 


(2 9) 


I, I ^ lie now trinstormed to D-Q ixis components li, ind lespeetively 
using the transformation 



cost?' 

-Sint? 


sint? 

cost? 



(2 10 ) 


The output equations are finally derived as eqns (B 6) (B 7) ind given by 


y fH ~ C R\ X r'^ D R\U R\ 


(2 11 ) 
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(2 12 ) 


y H Cr Xr'^Dr Urx'^ D R'\U,R2'^ D R^]A.R-<, 

where 

>;^^ = [a A /J ' 3 ;^ =[a/^ A/J ' 

Matrices Q R^ Cr D/,, Dr Dr, are defined 

Sec B 1 


2 4 Mechanical System Model 


The rotoi angle is expressed as 

6=6 +t5 

where 6 =co t 

The nominal system frequency is given by 
CO =d6 / dt 

differentiating eqn 2 13 and using 2 14 

co = co +dSldt 

where co = d6/dl 
Linean/ing eqn (2 15) 

dAS Idt = Acb 

The machine swing equation is given as 

dcoldi =-^i-Dco + 7 -r) 
2H 

where 

H = inertia constant of generator 
D = d imping torque cocflicicnt 
T = mechanical torque 
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Appendix B 

(2 13) 

(2 14) 

(2 15i 

(2 16) 

(2 17) 



r = tkcti 1 C il toicjuc 

The electric tl toique letin® on the ^enei uoi lotoi is ^iven in [] is expiessed b\ 


T (2!b) 

The CLiiients /, ind /, ue ti instoimed to D Q leteienee ti ime 11x111^, the 

rel Uionship given in eqn (2 7) 

Substituting eqn (2 18) in eqn (2 17) and linearizing we get 


where = Aco] = Ary]' 

IIm\~ 0 J 11\I ~ J 

It is noted th it when tuibine - govcinoi dynamics is neglected 
AT =0 

A^j Aty ue the increment il DQ ixis components of the euiient enleiinj, 

generitor teiminals in the system 

A/„ Alf) aie the meremental D Q axis components of the dependent euiienl 


source 

Am Bsn Bm Bu^ 


ire defined in Appendix B See B 2 


2 5 Modeling of Excitation System 


The excitation system is lepiesented by the IEEE Type 1 model is shown in iig 2 S 
The Power System Stibili/cr (PSS) is included in the system is the generitoi teiniinil 
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\oli it,c ind Si is Uk salui ition luiKlion Hk lxcUUioii syslLiii iiKludiii^ Uil PSS is 
described by the iollowing equations 

Power System Stabilizer (PSS) 

The model consideied toi PSS is a simple lead lag ciicuit and gun Ksr\u W ishoiii 
St i^c is not modeled is the studies in this woik do not lequiie it Genei itoi lotoi infill ii 
velocity IS taken as the input sign il to PSS The PSS is modeled as given below 


K \( 

' + sZ/ssi 

^ 

^ 

1 + 



K \( 

1 





1 

^ 


w 

^ 

1+ 

w 



V/l =■ 




+ ■ 


Kslah 


T T 


Aco 




{K,+S,) , 1 

V / = —v. H 1 

7 1 

'/ ‘ I 


K,{K, +S, 


' ^ 




+ — 


K. 






K 


The state and output equitions of the linearized system are respectively denved is eqns 
(B 13) and (B 14) and expressed is 

X,= A , Xt-^ Bnlln ^ Ui ^-26) 

yrC^Xr ( 227 ) 


K, 


L 


( 221 ) 

(2 22 ) 

(2 23) 

(2 24) 

Ao) (2 25) 


Xi ^';i] ' 


ll 


I i 


Ai III =[Ac) Art)] 
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Fi. 2 5 BLOCK DIAGRAM OF IEEE TYPEl EXCITATION SYSTEM INCLUDING 

POWER SYSTEM STABILIZER 








2 6 Network Model 


The network model includes the model of generator stator two tiansloimeis 
two transmission lines Static Var Compensator (SVC) and Thynstoi Controlled Series 
Capacitor (TCSC) and the infinite bus Both the transfoimers are rcpiescntcd by then 
leakage reactances The magnetizing current is neglected Each half of Lmel on either 
side of SVS IS repiesented by a single equivalent n circuit and that of Line2 is represented by 
L only (assuming that line capacitances are compensated by the Shunt Reactors) The infinite 
bus IS lepresented as a constant voltigc and constant frequency souice 

Fig 2 6 depicts the a axis representation of the study system shown in Fig 

2 1 IS the a component of dependent current source as desciibcd m the stUoi 
circuit model of synchronous machine The current entering the generatoi is 
represented by The terminal voltige at infinite bus is indicated by V|„ The 

leakage inductance of the transformer at generator end is denoted by wheieas L, 

represents the le ikage inductance of the transformer connected to infinite bus 

The equations for the symmetrical network expressed on a axis are wiitten is 



V V, 

(2 28) 

dt 


_ 


(2 29) 

dt 

L “ L L 

_ 


(2 30) 

dt 

L L 


^ 1 dl 

(2 31) 

dt 

L, " L, dt 

a _ 


(2 32) 

dt 

2L 2L 2L 

a _ 

. ha a _ ha 

(2 33) 

dt 

' c c c 
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TCSC 






I 


(2 34) 


clt C C C 

_ ‘4r ‘a 

dt C C C 

where L^=L^^+Li C =2C + C^c 

The "ibove equations can be lewntten in matrix form as 


Xc = S^x +5 b +5'4 ''i« + 5s^ 

where j(^=[ha ^Aa ^ a % ] ’ 

Matrices 5 , ^ S, Sa S, are defined in Appendix B secB4 

Similarly the equations tor the (3 network are 

X/j = 5'i X /? + 2 b/i + 5 i-^/j + ^4 ^i/j + 5 1 4 
wheie x^=[i,p ip ip Vp v,p ] ' 


(2 35) 


(2 36) 


(2 37) 


Since the vinablcs lie sinusoid il quantities m ste idy stUc they 

result in a time v trying system In ordci to reduce the ovciall system to a time 

invariant one it is necessary to transform the vinables by i D Q tiansfoim Uion 

on synchronously rotating reference fnme The D Q components of the vinible x 

are related to a P components by the following transformation 




cos 6 1 

sin 9 I 

Xd 

Xii_ 


-sin0 I 

cos 9 I 

_Xq 


(2 38) 


where 


Xd~^'^D ^1D *40 


*0 


''AD *'40 
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Xq ny ^ Q ‘-HI 'y ' y ^ly ^4y J 

I is in identity m itrix ot proper dimension 6 is the inj^le by which D 
axis leads a axis 

Equations (2 36) and (2 37) are transformed to D-Q frame of refeicnce 
using eqn (2 38) and then linearized It is noted that AV|o-Av,2=0 

The state equation of the network model is finally obtained as 




(2 39) 


where Xn = \xd Xyt = Kd Ai,J' Un2 = 1^d A/J 


llN^ 


AId 



l/t^4 D 


Matrices Bn^ 5v 4 defined in Appendix B Sec B 4 


The voltage and current at generator teiminals SVS bus voltags and the input 
current to the TCSC (curient flowing through the Line2) constitutes the output ot 
network model The conesponding network output equations aie deiived is eqns 
(B22 B 26) and given by 


y ^^^CH\XN^DN\Um^ Dn^Un ^ Dn^Un^^ DnaU^4 

(2 40) 

y Ni 

(241) 

y C 

(2 42) 

3^ /V4 

(2 43) 

y,rCssX^ 

(2 44) 
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whclc 


= = ))„ = [ai„ A,„] 

}'„, = [A'4D Ai,(,]’ 


M.«nx Cv, C„ C», Cv4 C„, D„, D, £)., .,e defined 

Appendix B Sec B 4 


in 
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2 7 Detailed SVS Model 


This section describes the modeling of SVC voltage control system and 
modeling of Line Cuiient Auxilniy Contioller ot SVC TCR trinsicnls aic ilso modeled 
The delays associated with SVS controllei and measurement unit is also incorporated 

SVC IS a dynamic reactive power device which provides rapid and 
continuously controllable lagging and leading MVARs Variation of reactive powei 
can be achieved through both the active and passive control 

2 71 Operating Characteristic of SVC 

Fig 2 ”7 shows the steady state control characteristic ot an SVC which 
represents the relationship between SVC cuirent (or reactive power output) and the 
bus voltage The steady state operating point is established at the intei section of 
the control characteristic with the system load line For small deviations in the bus 
voltage around the controller set point V j the SVC current is regulated within 

the control range to provide inductive compensation for voltage rises and capacitive 
compensation for voltage drops Thus SVC maintains the terminal voltage at the 
preset reference V j Large changes in the bus voltage force the SVC beyond its 

control range Foi severe undervoltages the SVC gets transformed into an 
equivalent fixed capacitor having susceptance while for large 

overvoltages it reduces to an equivalent shunt reactor of susceptmee -Bj- 

The slope of the control characteristic essentially represents a compromise 
between SVC rating and the voltage stabilizing requirement It also improves the 
current sharing between the SVCs operating in parallel The slope of the control 
characteristic is typically chosen in the nnge of 1 10% 


2 7 2 Modeling of SVC Voltage Controller including Line Current 
Auxiliary Controller 

A small signal model of a general SVC control system is depicted in Fig 
2 8 The terminal voltage perturbation AV and the SVC increment il cuirent 


27 


weighted by the tietor A',, lepiesenlint, euircnt dioop ue led to the leteieiKc 

jLinetion icpicseius the me isuiemt,nt lime eonst int whieh loi simplicity is 

assumed to be equ'il toi both voltage and current meisurements The voltige 
regulatoi is assumed to be a piopoitional integral (PI) controller Thyristor control 

action IS represented by an average dead time and a firing delay time The 

variation in TCR susceptance is represented by AS 



P operiting point 

= SVC capicitive susceptance 

B, = SVC inductive susceptance 


FIG 2 7 STEADY STATE CONTROL 
CHARACTERISTIC OF SVC 
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The a /i) ixis cuiienls cntciing TCR from tht nctwoik. in, cxpicsscd is 


Ls 


d /, 


dt 
d i 


' 'v ~ ^ Iff 


(2 4S) 




dt 


hp ~ ^^p 


where represent the inductance and lesistance of the TCR respectively 

Trinsforming equation (2 45) to D Q frame of reference using equation 
(2 28) and lineiii/ing gives 


r n 


1 

-1 

1 

Az 

= CD^ 

Q 

A Z J 


1 

1 

~~Q. 


Ai 

Ai 


ID 




+ cOqBq 


1 0 
0 1 


Av^ 

Av 


ID 


’2, 


+ 0)a 


‘'IDO 


*^100 


AB 


where Q = Quility Fictor of TCR B= ’ 




2 7 3 Line Current Auxiliary Controller 


(2 46) 


Fig 2 9 depicts the block diagram of in SVC control system involving feedb ick 
of a general auxiliary signal through a controller transfer function G(s) In this 

analysis the perturb ition in SVC leferenct voltage V , is assumed to be zero The 
magnitude of transmission line cuiient q enteiing SVC bus from the genei itoi end 
as shown in Fig 2 6 is given by 

*4 “ -^*4D ^4(1 

where i^q are the components of line current along D Q axis 

respectively 

The auxiliary control signal chosen in this case is the perturb ition in line 
current magnitude A/^ which is obtained by linearizing eqn (2 47) 
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(2 48) 






MO 


Mo 


The auxihaiy controllei is assumed to be a simple fust order transtei 
function toi this auxiliary signal 


G{s) = ^=K - ‘ ) 


Ai^ 


+ sT 


The equivalent represent ition oi the contioller is shown in the fi^ 2 10 

V . . /r 


, - — + — Ai^ 

FT 

\ a 


Av,=(l-^)v,+^/f A,, 


(2 49) 


{2 50) 


The following equations can be written tor SVS control system including 
Line Current auxiliary controller 


z,=AV,,+0-^)v,+^K Au-z 

where AV , is the reference voltage perturbation 


(251) 


^ D — z + z 


(2 52) 


wheie Ai , Ai, iie the ineieincntil mignitudcs of SVS bus volt ii,l ind ICR 
current 


Zj=-—{Av,-Ki, Ai,)- — z 






K I Z\ K I Z\ — Zi, + 


(2 51) 
(2 54) 


Substituting eqn (2 51) in eqn (2 54) gives 


— ^/ - I ^ _ w/ _1'" P 


2 +211.2 _JL2,-11LAV .-Z^(1-I-L)V 

I nn^ m ^ m / nn ^ 'T’ 


Ts 


EjlL 

T, T 


1 


Ai^ (2 55) 


(2 S6) 


or 


Afl + /„ AB 


To T, 


(2 57) 


The magnitude of TCR current is given by 


b ~ (bo 5" ) 


(2 58) 


Lineari/ing cqn (2 58) 

i 


Aq 


1 /)Q 


Al,0 +_ML 

bo bo 


(2 59) 


The SVS bus voltage is also expressed in teiins of its D Q axis 
components as 


(2 60) 

Linearizing equation (2 60) gives 

Av,=i^ Av,o+^ Av,o (2 61) 

Vw v^^o 

Eqns (2 59) (2 61) are substituted in eqn (2 53) to give the state eqintion 

corresponding to z 
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MEASUREME 



FIG 2 8 GENERAL CONTROL SYSTEM BLOCK DIAGRAM FOR THYRISTORIZED SVC 




















/ 


Fig 2 10 Line Current Auxiliaiy Controller 






The state and output equations ot the SVC model cm then be wiiitcn ts 


Xs “ AsXs + 5siWsi + 5s "s 

y, = CsXs^DsUs\ 


(2 62 ) 
(2 63) 


where 

Xs ~ 

Aby z, z Zi 

AS V,] 



Usi = 

AV,;;] 




11 

Abyl ~ AV ^ 

y, 



Matrices and aie defined in Appendix B 

Sec B 5 


2 7 4 Choice of SVC Rating 

The dynamic range of SVC is chosen on the basis ot leactive power 
requirement at the SVC bus to control voltage undei steady state conditions This 
information is obtained from load flow studies which in addition provide the 
voltage magnitudes and phase angles at various buses needed to compute the initial 
conditions in the system The SVC bus is assumed to be a PV bus with zero 
power injection (SVC losses are neglected) 

Load flow IS then conducted and SVC bus reactive power is computed foi 
varying generator power outputs For the study system(SVC and TCSC) it is seen 
that as the generator real power increases fiom 100 MW to 1200 MW the SVC 
reactive power output varies from 206 MVA inductive to 193 MVA cipicitivc 
Hence the dynamic range ot SVC is chosen as 200 MVA inductive to 200 MVA 
capacitive It is important to note that as the SVC configuration is FC TCR the 
reactor is rated larger than the fixed capacitance in order to provide net 1 igging 
VARsThe slope of the steady state V I characteristic ot SVC which is dctincd on 
nominal voltage base and the larger of the two reactive ratings is taken as 3 % at 
200 MVA capacitive reactive power output of SVC 
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2 8 Modeling of Thyristor Controlled Series Capacitor (TCSC) 


This section presents the modeling of TCSC Constant Angle Controller and constant 
Cuiient contiollci State space equations aie developed and line uized in the neighboihood 
of an opeiating point for the purpose of dynamic stability analysis 

2 81 Operation of TCSC 


Taking the voltage across the capacitor of TCSC as reference the filing angle can be 
varied from 90 degrees to 1 80° 

When Thyristor valves are fired at 90° Full conduction of Thyristor takes place 
resulting in to continuous and sinusoidal current flow in the reactor TCSC will be 
operating in the inductive mode with minimum inductive reactance effectively 

For a firing angle of 180° thyristor valves are blocked Here the TCSC reactance 
is same is th it of the capacitive reactance of the TCSC 

As the firing angle increases from 90 vernier control of TCSC occurs With the 
increase in firing angle the net reactance of TCSC (inductive) increases up to resonance 
Usually resonance occurs around 120° depending on L & C parameters of TCSC During 
resonance the impedance offered by TCSC is very high Further increment in firing angle 
causes the net reactance of TCSC to become capacitive and it reduces with increase in 
firing angle and attains minimum at 180° firing angle 





Fig2 11TCSC Model 


TCSC model comprises of a capacitor connected in parallel to thyristor conti oiled 
reactor (TCR) as shown m figure 2 1 1 The net reactance of TCSC can be varied from 
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inductive to cipicitivc by eh mging the eonduetion peiiod in the ICR pitli KSC is 
operated only in the capacitor mode and the inductive mode is used during fiult 
conditions TCSC is connected in senes with a transmission line 


2 8 2 Criterion for Design of L and C values of TCSC 


The value of capacitance is fixed depending on the required level of compensation 
The value of L should be chosen such that their resonance frequency will be around 2 2 5 
times nominal frequency The chosen value should be such that the steidy state opeiating 
point lalls in the middle of capacitive region of TCSC The idvantigc ol this is th U 
during disturbances there will be enough margin on either side Also to avoid lesonance 
It is necessary to operate the TCSC such that XTCSC/XC is not more thin a limit 
(between 2 and 3) 

2 8 3 Modeling of open loop TCSC 


From fig 2 11 The a /5 axis currents entering TCR from the 
network are expressed as 


L, ^+R. >, ,=v,, 


L Ai+S I, „ = v j 

' dt ' ' ^ ^ 


(2 64 ) 


where L, A, repiesent the inductance and resistance of the TCR lesptctively 

Transfoiming equation (2 64) to D Q frame of leference using equation 
(2 38) and linearizing gives 


Ai 

Ai 


' Q. 


R. 
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A; 

Ai 


I n 
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Av 

Ai 






(CO,L, ) 

[_(i^oA ) 


'^1 DO 


't QO 


AX 


(2 65 ) 
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The X of TCR of TCSC cm be related to Xrese (tssumed to be positive in the 
c ipacitive legion) as 

^ 

V - ^ 

Imeaiizing the above eqn (2 66) gives 
Ax = (1-0) L, C, ) ^fcsc 

Xrese = effective reactance of TCSC 
X = output reactance of TCR 
Xc = capacitive reactace of TCSC capacitor(Ctc) 

From (ig 2 11 The a /) ixis eqns foi the c ipacitor(Ctc) iic expressed is 


(2 66 ) 

(2 67) 


X 

n L — 7 —7 

a t a 

at 


c, 


dv. 


Ip 


' dt 


p ^1 p 


(2 68 ) 


Lincai i/ing the eqn (2 68) iftei transforming it to DQ ti ime of lefeienee 
using equation (2 38) and using eqn (2 67) and rearranging the eqns (2 65) and (2 68) 
gives the final state space eqn for the TCSC as 
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Ai 
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-CO (1-0) L, C, ) V, n 
(0) L, ) 

0 

-0 {\- CO L, C, yv,g 




Ai 
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(2 69) 




{.CO L, ) 

0 



the values ol L, C, R, are given in the Appendix C 


2 8 4 Modeling of Controller for TCSC 

The simplest type of power scheduling control adjusts the reactance order (oi 
setpoint) to meet the required steady state power flow requirements of the tiansmission 
network To achieve this a closed loop current control (Constant Angle control and 
Constant Current contiol) is used in which the line current is compaied to a reference 
current (which may be deiived from the requiied power level) 

This section describes the modeling of Constant Angle (CA) and Constant Current 
(CC) controllers [17] 

In CA control the angulai difference across the line is kept constant Assuming the 
voltage magnitudes at the two ends of the line are regulated maintaining constant angle is 
equivalent to maintaining constant voltage difference between two ends of the line This 
type of controller during a tiansient enables the line m which TCSC is sitinted to carry 
the required power so is to m untain the power flow in parallel p iths const int 

Both CC (Constant Current) and CA controllers used aie of PI type The ste idy 
state control charictenstics of both CC and CA contiol ire shown in tig 2 12 (a) ind (b) 
respectively Assuming Vtcsc to be positive in the capacitive region the characteiistics 
have three segments OA AB and BC The control range is AB OA and BC correspond to 
the limits on Xtcsc In Fig 2 12 (b) the control range AB is derived by the equation 
V„=IcXun Voc 

Where I is the magnitude of the line current Xunt the net line re ict met (including the 
fixed stilts tomptns ilion if iny) Vqc the tonslant(itgiil ittd) voltigt diop itioss the 
line (including TCSC) Thus the slope of the line AB is Xl, OA ind BC toiiesponds to 
the lower and higher limits on TCSC respectively 

Fig 2 13 shows the general block diagram of TCSC For small signal stability studies 
It IS not necessary to model the gate pulse unit and the generation of gate pulses The del ly 
in firing angle is modelled by first order lag as shown m fig 2 13 

The block diagram of constant current (CC) or constant angle (CA) controllei is 
shown in fig 2 14 T^ct is the time constant of first ordei low pass filter associated with 
the measurement of line current Ic 
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ind TCSC voltige V, S=0 toi CC contiol and S= 


for CA contiol Ki ind Pi ut 


proportional gain and time constants respectively Tpti tnd Tpl’ tre time constants ot Ic id 
lag compensation circuit Ig and Vtt are input line current to TCSC and voltige icioss 
TCSC c ipacitoi 

In CA control T r is actually the voltage reference divided by Xtn PI controllei is 
used with a phase le id eiicuit In e ise ot CA control positive erioi sign il implies the net 
voltage drop m the line is less than the reference and Xtcsc (assumed to be positive in 
capacitive legion) is to be leduced Foi CC contiol if eiror is positive the has to incie ise 
Xtcsc to raise the line current to reduce the error 


Constant Angle (CA) Controller 


The controller block diagram is shown m the fig 2 14 in which S=— 

X/ 


following eqns c m be written foi TCSC with CA control 


The 


The lead lag circuit is modeled as follows 
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(2 70) 
(2 71) 

(2 72) 


(2 7 ^) 






2 12 Control Characteristics 







NETWORK 










Eqns (2 76) (2 78) are substituted in eqn (2 74) to give the stale tqu ition 

corresponding to I 

The state and output equations of the TCSC with CA controller model cm then be 
written as 


Xtc\ Atc\Xtc\ Btc u Utca\ Btcai^tca 

y Tc\ ■ C ic\Xrc\ 

where Xrc\~^^^' ^ ^ h ^reseJ 

^ "/cii “ IA' n C^] ‘'trc\->~^ i 


(2 79) 
(2 80) 
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Matrices B^c^^ B rex Ctcx and aie defined in Appendix B See B 6 1 


Constant Current (CC) Controller 


The block di igiam of this is shown in the fig 2 14 in which S=0 
Only eqn (2 71) is eh inged lesl of the eqns aie s ime is CA eontiollei Fqn (2 71) is 
modified is 


/ = 


I 


■ + - 


-Ai 


(281) 


T T 

Eqns (2 76) (2 78) are substituted in eqn (2 81) to give the state equition 

corresponding to I 

The state and output equations of the ICSC with CC controllei model cm then be 


written as 


Xrcc A.TceXrcc BtcciU rcc\ Brcc U TCC 
y rcc ■ C TCC Xtcc 

where Xict ~ o d q q ^ ^;i ^'■rc sc J 

= [AVj-qj y] “rcc ~ AI ^ 

Matrices 'Breex B icc Cut "tud are defined in Appendix B Sec B 6 2 

2 9 Derivation of System Model 

The interconnection between the various subsystems can be mathemitic illy 
described by the following relationship 

Ur=Fryr 2 84) 


(2 82) 
(2 83) 


44 


whciL 


system input vectoi = 

system output vectoi = 

bfl! )’« yM yE )'vi y^ yN3 )’v4 y^s ys 3^^] 

Matrix jp^ IS defined in Appendix B Sec B 7 

The stUe and output equations of all the constituent subsystems aie combined to 
give 


Xr = AtXt + BtUt'^ B Us^ ^ 

yr^CrXi+DrUr ^2 86 ) 

where X/- = [^r ^ 

Matrices g, g Cr and Dr are defined m Appendix B Sec B 7 

Substituting eqn (2 86) in eqn (2 84) gives 

uM!-FrDr]'FrCrXr P S7) 

Substituting eqn (2 87) in eqn (2 85) lesults m 

Xr"^Ax,+BUs^ 

where 

A-Ar^Brl'-FrDr] 'FrCr 


s / 
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intei connections ot vinous subsystems to toini the over ill systi m is shown is shown in 
the li^ 2 IS 

2 10 Modeling of the study systems used in chapters 3,4,5 

Modeling of the various subsystems described in this chapter can be used foi any 
combination the study system The only changes to be made are to modify the network 
model 

This chapter describes the modeling of the study system when it compiises ill the 
dynamic devices (PSS SVC with Line Current auxiliary controller TCSC with CA/CC 
contiolleis) used (CHAPTER 5) in this thesis To make the PSS and Auxiliary Controllers 
inactive then gains should be made zero Overall system models tor the study systems 
used in the CHAPTERS 3 4 can be obtained by making the necessiiy changes in then 
network matrices based on the guidelines of the modeling described in this chaptei 

2 11 Conclusions 

In this chapter the model foi study system comprising the dynamic devices 
PSS SVC with Line Current auxiliary controller and TCSC with CA/CC controller is 
developed The model includes the most detailed representation of all subsystems State 
equations arc developed for the purpose of dynamic stability an ilysis 




Fig 2 15 INTERCONNECTION OF VARIOUS SUBSYSTEMS IN OVERALL SYSTEM MODEL 







Chapter 3 


EIGENVALUE ANALYSIS WITH 
PSS-SVC AND PSS 


3 1 Introduction 


The system considered is \ single machine infinite bus system with two paiallel lines 
In the first type the effects of having Power System Stabilizer (PSS) has been studied and 
in the second type the influence of both Static Var Compensator (SVC) and PSS on the 
power transfer has been studied In both the types Thyristor Conti oiled Senes Capacitoi 
(TCSC) IS not included in the study system Each line is of 600 Km long having surge 
impedance lo id of 640 MW 

3 2 Type I Influence of PSS on the system 


The study system considered is same as that shown in fig 2 1 excluding the TCSC and 
SVC The system data has been given in the Appendix C This type is furthei subdivided 
in to two cases 

1) Study with PSS 

2) Study without PSS 

Eigenvalue analysis has been done foi both the cases for various generating poweis 
Tables 3 1 and table 3 2 shows the eigenvalues for the cases 1 and 2 respectively T ible 
3 3 shows the steady state power flows and voltage profile of the system Table 3 shows 
the results of eigenvalue analysis and the parameters of different controllers used 
Modeling of PSS h is been deseiibed in eh iptei 2 
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I ABLE 3 1 


System eigenvalues without PSS 
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25 619±|3n 94 


26 413±)24 662 

26 398±|24 739 

26 398±|24 723 

13 44 

33 8677 

34 0104 

340151 

28 2216 

28 7345 

28 7495 

28 6748 

0 7061±)4 9647 

0 1479±|5 2662 

0 2388±|4 5869 

fcbMigfgirt9EEHBBMI 

2 1165 

2 8194 

1 0486+10 9966 

1 7872±|7761 

0 9117±|0 8454 

0 7249±)0 883 

2 8175 

2 4439 

16 6667 

16 6667 

16 6667 

16 6667 


TABLE 3 2 


System eigenvalues with PSS 


P,= 100 MW 

1 1 1 1 1 ' i M 



3 1388±|3679 2 

3 1388±|3679 2 

3 1388±|3679 2 

3 1388±i3679 2 

3 146±|3050 88 

3 146±|3050 88 

3 146±i3050 88 

3 146±)3050 88 

12 07+.|2730 77 

12 07±|2730 77 


12 07+J2730 77 

13 20±t2102 45 

13 20±i2102 45 

13 20±|2102 45 

13 2±)2102 45 

11 857±)1403 2 

11 857±|1403 2 

11 857±)1403 2 

1 1 857±jl403 2 

13 38±j774 88 

1 3 38±|774 88 

13 38±)774 88 

13 38±)774 88 

REBSSiSIElBHH 

KKIBiHEn9Hi 


{) 5705±)3!4 15 

HSBESBQSEH 

llllll"lliili'l — 




111 II mi HIM 

iiiin'IlTfllM 


34 4906 

363189 

36 5901 

r 36 3639 

28 2188 

28 7357 

28 7839 

28 7381 

0 9239±|5 8952 

0 4991±)7 7357 



2 2358 

28138 

2813 

09810 





144613 

1 1 6328 

11 1432 

10 0899 
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TABLE 3 


Summary of results (Tables 3 1,3 2) 


System undei study 

Parameters used 

Observations 

C ISC 1 Without PSS 

Foi system dita letei 
appendix C 

System is stiblc up to 

500 MW 

Case 2 With PSS 

Kstnb = 0 244 

Tpssi “0 182 

Tp«;s'>= 0 06 

System is stable up to 
1200 MW 


TABLE 3 3 


Steady state conditions of the system 



Pi MW 

P. MW 

V4PU 

V-(pu 

V-) pu 

1000 

519 

479 

0 971 

0 964 

0 962 

1100 

573 

525 

0 953 

0 925 

0 942 


628 

570 


0 861 

0 912 


Voltages V 4 V 4 Vt are defined in Fig 2 6 
Pi IS the power flow over Linel (SVC line) 

Pt is the powei flow ovei Line2 (uncompensated line) 


From the above tables it is clear that PSS has been proved to be a best choice to 
mitigate the instability due to electromechanical mode (7 rad/sec) This result is expected 
as the instability of the system without PSS is mainly due to electromechanical mode (4 5 
rad/sec in table 3 1) and PSS is diiectly acting on it But the steady state power flow ovei 
the two lines is not the same 

From Table 3 3 with the increase in generating power beyond 1000 MW the midpoint 
voltage V-i IS decreasing and it attains a value of 0 861 pu at 1200 MW which is highly 
undesirable This system has no control on the power transfer over the two lines It is seen 
that under steady state the power sharing between the two lines is impiopu Hence 
though the system (with PSS) is able to allow 1200 MW the steady state conditions ot the 
system have led to go for another dynamical device SVC which is described in the 
following section 


A 
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3 3 Type II Influence of SVC-PSS on the system 


The study system is similai to the system described in fig 2 1 excluding TCSC Lincl 
IS compens Ued at the mid point by i Fixed Capacitor - Thyiistor Controlled Reactoi (FC 
TCR) type of Static Var Compensator (SVC) which is provided with a Line Cuirent 
Auxihaiy Controller and its effect on powei tiansfer has been studied with and without 
PSS 


This type is fuithei divided in to 4 sections 

1 ) SVC without Auxiliary Controller 

2) SVC with Auxili iiy Contiollci 

3) PSS tnd SVC without Auxiliary Controller 

4) SVC with Auxiliary Controller and PSS 
The Eigenvalue analysis has been performed for all the four combinations of the 

system and the eigenvalues have been punted in the tables 3 4 3 5 3 6 and 3 7 T ible 4 
shows the observations made on the above eigenvalues of all the cases and the paiameteis 
used for PSS Modeling of Line current Auxiliary Controller and PSS has been desciibed 
in the chapter 2 


central library 

I ( T ICANPUS 

4m ms, A 1^^5732 


TABLE 3 4 


System eigenvalues (SVC without Auxiliary Controller) 


P,= 100 MW 

P, = 500 MW 

Pe = 800 MW 

p,= 1000 MW 

2 937*13668 15 

2 937±i3668 14 

2 937+13668 12 

2 936±)3668 09 

2 947±|3039 83 

2 947±i3039 82 

2 9467±|3039 8 

2 946±i3039 77 

1 1 46±|2666 52 

1 1 46±|2666 36 

1 1 46+12666 08 

1 1 46±|2665 8 1 

12 77±|2038 20 

12 77±|2038 04 

12 77+J2037 76 

12 77±|2037 48 

I0 94±|l 146 52 

II 17±|II37 14 

1 1 61±|l 120 58 

i2 09I±il 10^ 3 

542 868±|66 89 

543 319+167 91 

544 16±i69 686 

545 05±|71 47'^ 

15 604±|5I8 47 

16 159±|508 98 

17 152±|492 27 

18 3+|474 7763 

25 703±|313 94 

25 69+i3l3 906 

25 658±j313 89 

25 631+1313 88 

0 5765+1314 15 

0 5796±|314 14 

0 575±)314 132 

0 S74±j'^i4 126 

8 4537±j311 61 

8 138±j31 1 854 

7 603+J311 832 

6 9571+J3I1 75 

58 80I4±|85 63 

56 9041+186 67 

54 879±|90 348 

53±i94 453 

26 3576+124 48 

26 319±|24 709 

26 347±|24 796 

26 372±i24 804 

35 6774 

32 7485 

34 1 10±|0 8559 

34 15±j07386 

29 1585 

34 6676 



0 5842+14 8683 

0 1974+15 2787 

0 0733+15 0213 

0 2923±|4 5426 

0 8508+10 8044 

0 6508+10 8218 

0 7668±)0 9122 

0 961±j0 9759 

2 231 

2 8699 

2 9719 

2 9680 

16 6667 

16 6667 

1 6 6667 

16 6667 

11 1515 

11 1515 

11 1515 

11 1515 

: ^ 
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TABLE 3 S 

System eigenvalues (SVC with Auxiliary Controller) 



0 6029±|4 8681 


0 '^04±|5 ^662 


0 1141±|5 2535 


OQ103±|4 8953 


Q 8556±|0 8021 


0 6448±iQ 8239 


0 7497±i0 9219 


0 9299±il 0119 


2 2309 


2 8‘;01 


291 


2 833 


3 5329 


1 6 6667 


37154 


16 6667 


3 7017 


16 6667 


3 6484 


16 6667 


TABLE 3 6 


System eigenvalues (PSS and SVC without Auxiliary Controller) 


P,= 100 MW 


P, = 500 MW 


P,= 1000 MW 


P^= 1300 MW 


2 937±|3668 15 


2 937±|3668 14 


2 936±i3668 09 


2 935±i3668 05 


2 947±)3039 83 


1 1 46±i2666 52 


I2 771±|2038 2 


10 94±|1146 52 


542 86±|66 899 


2 947±|3039 82 


2 946±|3Q39 78 


1 1 46±|2666 36 


11 46±|2665 81 


12 77±)2038 04 


12 77±|2037 48 


11 17±|1137 14 


12 091±|1103 3 


543 319±)67 91 


545 05 ±i71 472 


2 945±|3039 72 
11 46±|2665 18 


12 77±|2036 86 


13 37±|1062 04 


547 193±)75 53 


I5 605±.|518 47 


25 703±|313 94 


0 5765±|314 16 


8 453±)311 619 


16 1592±|5Q8 98 


18 3±|474 7763 


25 69±|313 906 


25 632±|313 88 


0 579±|314 141 


0 574±|314 126 


8 I387±|3I1 854 


6 9571±|311 75 


63±|432 708 


25 57±|313 86-^ 


0 577±|314 103 
5 208±;3I1 561 


58 801±i85 634 


56 9Q7±|86 673 


53 006±|94 45 


48 19±)104 839 


26 645±|24 654 


35 6274 


30 321 


14 6732 


27 292±|25 422 


27 523±|25 701 


35 6932 


36 5037 


34 1732 


34 5044 


1 7813 


1 1 0336 


27 561±)25 729 


36 728 


34 1229 


10 5347 


0 7684±|5 6999 


0 5052±|7 6861 


Q 284 1±|7 4879 


0 2703±|6 4662 


Q7664±|0 659l 


2 3361 


1 1 1515 


0 577 1 ±|0 5484 


Q6974±|0 6415 


2 8869 


3 9594 


I 1 1515 


1515 


0 9024±|0 6777 


2 8708 


11 1515 














TABLE 3 7 


System eigenvalues (SVC with Auxiliary Controller and PSS) 


Pe= 100 MV/ 

Pg = 500 MW 

Pg= 1000 MW 

Pg= 1300 MW 


MgHStSfcWdlgMM 


2 935+13668 04 



gEiiMthlcfeBaiM 


1 1 46±|2666 S2 

WgEBWiHSBSMM 

11 46±|2665 81 

1 1 46±|2665 18 

I2 77±i2()38 2() 

12 76±|2038 04 

I2 77±i2037 49 

12 77±i2()36 86 


11 18±)1137 23 

12 114±ill03 4 

13 42+1106'’ 16 


542 99±|70 647 

544 733±|74 53 


fBBSSSBMMM 

mmsmEom 

18 588±|475 45 


26 15±|514 196 


26 164±|313 94 


0 5206±|314 15 



0 697±|314 107 

4 967±j309 89 

4 214±|311 438 

2 6476±j312 02 

03131±)31228 

61 772±j86 73I 

59 787±j8I 341 

55 954±j86 136 

51 384±i94 549 

26 719±)24 636 

27 473±|25 462 

27 759±)25 817 

27 806±)25 884 

35 4546 

35 583±|0 2354 

37 482 

37 595 

30 5664 


35 4325 

35 0944 

1 5 5982 

12 2617 

1 1 326 

10 8^02 


0 6167±|7 831 

0 3967±|7 909! 

0 4()56±i7 1566 

■MilHtiKiliK— 

MtKrEEfiSliPBEBBB 


0 8684±i0 6993 

2 1381 


3 0869 

2 384 

2 7324 

2 7222 

2 6199 

3 1222 


TABLE 4 


Summary of results (Tables 3 4,3 5,3 6,3 7) 



Parameters used 

Observations 



System is stable up to 500 
MW 

2 SVC with Auxiliary 
Control lei 

Kaux =0 013789 

Tauxi= 0 88699 

Taux^ = 0 272099 

System is stable up to 800 
MW 

3 PSS and SVC 

without Auxiliary 

Controller 

Ks,.b = 0 269 

Tp,si=0 183 

Tn.,o = 0 06 

System is stable up to 
1300 MW 

4 PSS and SVC with 
Auxiliary Controller 

Ks.ab = 0 269 

Tp 1 = 0 183 

Tp,s =0 056 

Kaux = 0 013789 

Tauxi = 0 70899 

Taux =0 359099 

System is stable up to 

1 300 MW 
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Comparing the results in table 3 and 4 it is observed that having a SVC U the 
midpoint of Linel improves the stability of the system By companng the results in tible 
3 4 ind 3 5 it is seen thu the auxiliaiy controller impioves the damping of 
electromech mical mode (5 rad/sec) and hence stability of the system The TCR mode of 
SVC (311 1 id/sec) is moving in to the unstible legion foi any attempt by lUKiliii) 
contiollei to mike the system st ible it 1000 MW geneiation Theieloie the peiloim inee 
ol luxili iiy contioller his been rcstiieted to the paiamcters given above 

Going thiough the table 3 7 and comparing them with the results printed in table 3 6 it 
can be said that the PSS along with SVC Auxiliary Controller improves the damping of 
the elect! omechanieal mode (7 rad/sec) Theie are two modes which aie making the 
system unstable one is 312 lad/sec (TCR mode of SVC) and the othei one is 
electromech inic il mode (7 lad/sec) Now using Auxili iry Controller d imping ol the 3 12 
rad/sec mode increases but at the expense of damping of the electromechanic il mode 
Then by choosing pioper parameteis for PSS damping of the electromechanical mode 
increased to a greater extent as the PSS has no influence on the 312 rad/sec mode 

TABLE 3 8 


Steady state power flows and voltage profiles 


P^, MW 

P| MW 

Pi MW 

V 4 pu 

Vi pu 

V pu 

1000 

S26 

■EHi 

0 979 



1 200 

"649 


0 961 

IBHB 


1 *^00 

716 

S82 


I 0 

0 9^S 


Voltages V 4 Vi are defined m Fig 2 6 
Pi is the power flow over Line 1 (SVC line) 

Pi IS the power flow over Line2 (uncompensated line) 

Compiling the voltage levels it vaiious buses of table 3 3 and tible 3 8 it is observed 
that having i SVC at the midpoint of Line! results in to a better voltage piofile Moreovei 
the mid point voltage Vi is maintained at 1 0 pu Though the system is stable up to 1300 
MW the powei sharing between the two lines under steady state is not the same Going 
through the t ible 3 8 as the gener itmg power increases beyond 1000 MW the SVC line is 
taking more power compared to the other line which is not desirable 
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3 4 DISCUSSIONS 


In the iirst type without having any dynamical device the system is unstable beyond 
500 MW generation With the addition ot PSS the same system is capable of allowing 
1200 MW This IS expected because the instability to the system is due to the poor 
damping of electromechanical mode But this system is not lecommended because of two 
reasons 

1 Unequ rl powei sharing between the two parallel lines 

2 Pool voltrge piofile it vaiious buses undei steady state 

Now in the second type eflect ot SVC and PSS has been studied With only SVC on 
Linel the lesults are again is expected and the system is unable to give way tor gencrition 
beyond 500 MW When employed with Line Current auxiliary controller the system is 
able to provide platform toi 800 MW geneiation Now both SVC and PSS have been 
included in the system leading to the power transfer over two lines up to 1 300 MW When 
both PSS and Auxiliary Controller are employed the system is again attains the power 
transfer capability of 1300 MW with improved damping of electromech inical mode (7 
rad/sec) i e the system(SVC PSS) is more stable 

Even after inclusion of SVC though voltage profiles have improved the problem of 
unequal powei sharing between the two parallel lines still persists This c in only be 
improved by having a controllable device on Line2 which in this thesis is TCSC 

3 5 CONCLUSIONS 

It has been piovcd thit the study system is unstable without any dynamical device 
(PSS SVC & TCSC) The PSS is proved to be a best choice when instability is mainly 
due to cleetiomeeh lineal mode Employing SVC in the system not only impioves the 
damping of electiomechanic il mode but also the steady state voltage profile The 
combination of SVC with its Auxiliary Controller ind PSS have proved to be the best 
combination for generating powers up to 1300 MW 
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Chapter 4 

EIGENVALUE ANALYSIS WITH 
TCSC AND PSS 


4 1 Introduction 

The study system considered is similar to the system depicted in fig 2 1 excluding 
SVC Line2 is senes compensated by a Thyristor Controlled Senes Capacitor (TCSC) To 
obtain equal powei shaiing between the two parallel lines Line2 has been compensited 
fot 11% of the total re ictance of Line2 Each line is of 600 Km long having suigc 
impedance load of 540 MW Eigenvalue studies have been conducted for various 
genei itmg powers for four different combinations of the study system 

1 TCSC with Constant Angle (CA) Contiollei 

2 TCSC with CA Controller and Power System Stabilizer (PSS) 

3 TCSC with Constant Current (CC) Controller 

4 TCSC with CCContioller and PSS 

The opcriting point of TCSC U 11% compensation his been given in Appendix C 
The modeling of TCSC and both oi its contiollers CA and CC hive been dcsciibed in 
chaptci 2 Conclusions are given at the end of the chapter Two sets of paiameters hive 
been chosen foi CA Controller CAl is used up to 500 MW and CA2 is used beyond 500 
MW 

The eigenv dues for all the four cases have been given m tables 4 1 4 2 4 3 and 4 4 
in order of their occurience Table 5 shows the observations made fiom the ibove 
eigenv dues and pai imeters ol conliolleis used in the system Ihe sle idy stite powei 
flows and the voltiges at vaiious buses have been given in table 4 5 Modeling of PSS h is 
been presented in ch ipter 2 
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TABLE 4 1 


System eigenvalues (TCSC with CA Controller) 


P,= 100 MW— CM 

P, = 500 MW CA2 

P^ =800 MW CA2 

9999 9999 

9999 9999 

9999 9999 

n82±p679 

3 1382±i3679 3494 

3 1382±|3679 3494 

3 1460±)3051 0306 

3 r460±|305 1 0306 

3 1460+13051 0306 

12 066±i273T 0156 

12 066±)2731 0154 

12 066±i2731 0159 

13 1969±)2102 6918 

13 1968+12102 6915 

13 1968±|2 102 6922 

11 8529±)1403 3779 

11 8529±il403 3777 

11 8529±|1403 3782 

13 3791 ±1774 98 16 

13 3789+1774 9810 

13 3788±j774 9822 

0 9548±|433 8743 

0 9095±|434 9732 

0 8769±1436 7267 

24 5046±|313 6685 

24 4814±|313 5371 

24 3923±|313 3606 

0 2671±|309 7940 

0 4096+1306 8640 

0 5292±|301 7735 

0 5094±|199 2786 

0 4191±|201 3475 

0 4662±1205 0659 

26 4859±|24 3477 

26 4260±|24 6766 

26 4458±|24 7942 

34 5820 

35 9217 

36 3655 

32 2890 

29 6686 

29 1320 

20 3976 

23 6778 

21 0431 

0 5451±)7 3023 

7813±|II2676 

2 4^84±)1S 3787 

2 9707±|6 3202 

0 8936±|7 5675 

0 I66I+16 8769 

0 9019±|0 8315 

0 6983±|0 8725 

0 9356±|0 9917 

2 1243 

2 8401 

2 8694 

3 0691 

5 3972 

5 5920 

16 6667 

16 6667 

16 6667 
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TABLE 4 2 


System eigenvalues (TCSC with CA Controller and PSS) 



= 500 MW 

CAI 

Pg= 1000 MW 

CA2 

P, = 1 100 MW 

CA2 

9999 9999 | 

9999 9997 

9999 9998 

9999 9998 

HDSlQiEEkHHI 

WmSSSMEM^l 

3 13±j3679 34 

3 1 3+j 3679 34 

■RClBiSQESIH 

3 I4±j3051 03 

3 14+ j 3051 03 

3 14+j 3051 03 

mBBSSEMM 

12 06+J2731 01 


12 06±j2731 01 

13 19±j2102 69 

13 19±j2102 69 

13 19±j2102 69 

13 19+J2102 69 

11 85±jl403 37 

11 85±jl403 37 

11 85±jl403 37 

11 85+J1403 37 

13 37+j 77498 

13 37±j774 98 

13 37±j 774 98 

13 37±j77t98 

0 95± |433 87 

0 904±j440 32 

0 83±j438 34 

0 85+J439 12 

24 50±j 313 66 

24 11+J313 14 

24 27±j 313 24 

24 20±j 313 21 

0 26±j 309 79 

0 283±j289 13 

0 73±j296 48 

0 5866+J29 70 

0S()±jl99 27 

1 222±j214 72 


0 82±)2!1 26 

26 66±j24 442 

27 09±j24 111 


26 04±j 25 01 

35 2716 

37 9462 

37 3706 

37 4014 

31 8299 

■ IIIIIIIIIIIM 

2 48+J20 91 

2 50±j 22 61 

20 6052 

29 5802 

29 0501 

28 9778 

15 7085 


23 3355 

22 9802 

0 1853±j7 7073 

0 6453±|0 7376 

13 1 103 

13 0339 

3 4342±i6 2849 

12 4410 

0 3879±j7 7818 

lUlibklualSuUHHIl 

msmmssBmm 

10 4234 

1 0568±j0 9192 

1 3220±j0 932 

bdmHBB 

2 8420 

2 7864 

2 6480 

iBBBB 

3 1 137 

3 1281 

3 1289 
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TABLE 4 3 


System eigenvalues (TCSC with CC Controller) 






10000 00 

10000 00 

1 0000 00 

10000 00 

T n8±n679 

nB±j3679 

1 138±j3679 35 

3 138±j3679 35 

nESBonH 

3 146+J3051 03 

3 146±j3051 03 

3 146+J3051 03 


12 07±j2731 02 

12 07+J2731 02 



13 19+J2102 69 

13 19±j2102 69 

13 19±j2102 69 


11 85±jl403 38 

11 85±jl403 38 


13 379±j774 98 

13 379±j774 98 

13 379±j774 98 


0 9668±)432 12 

■illfg.i;«EKiiii! 3— 



■mil IHIIM 



24 467±j313 88 


0 3645±j3l4 19 

■ INI mill— 

0 3719±j314 42 

■ncmasKiEU^J^M 

iBlE^IEQgSaH 

0 328±jl96 1 02 

EBIeSIES^H 




mBBSH 


33 5703 

8229 

33 8757 

33 8392 

30 0334 

29 7864 

29 8552 

29 6619 

28 7566 

29 3660 

29 1346 

29 1015 

0 7414±j5 016 

innyBiaBi 


0 2266±j3 826 1 

2 1 162 

^ 2 8255 

2 8244 

0 4796:^T 428 1 



BiEEiEmKUsiUHi 

2 5120 




Ill i|MI 

0 1553 

0 3842 

0 4204 

0 4301 

16 6667 

I6 6667 

16 6667 

16 6667 
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TABLE 4 4 


System eigenvalues (TCSC with CC Controller and PSS) 


P,= 100 MW 

P, = 500 MW 

P,= 1000 MW 

P,= 1200MW 

lOOOOCX) 

10000 00 

10000 00 

10000 00 


3 138±j3679 35 

3 1381j3679 35 

3 n81j3679 35 

1 146±|^0S1 0^ 

3 146+J3051 03 

3 1461j3051 03 

3 1461)3051 03 

12 07±|2711 02 

12 07+J2731 02 

12 071)2731 02 

12 n71j2731 02 

n 2()±.|2102 69 

13 2()±j2102 69 

13 i91j2102 69 

13 191j2102 69 

11 

11 85±jl403 38 

11 851jl403 38 

11 851jl403 38 

13^8±j774 982 

13 381)774 981 

13 381J774 984 

13 381j774 987 

0 9668±|432 12 

0 9668±j432 09 

0 96551j432 03 

0 96431)43'’ 01 

24 469±nn86 

24 467±j313 87 

24 4671)313 88 

24 4671)313 S8 

0 364S±|314 19 

()'^686±)'^14 ^2 

0 3791j314 502 

0 3861j3l4 606 

0 342±j i96 27 

0 328±jl96 102 

0 302ijl95 855 

0 2851)195 716 

26 926±j24 64*) 

27 5721)25 554 

27 6611j25 689 

27 6321j25 584 

34 628 

36 5275 

36 7499 

36 5510 

28 7967 

29 7716 

24 7272 

29 7842 

30 0935 

29 3442 

290116 

28 6744 

14 2341 

1 1 2086 

103411 

9 6901 

0 9756±i6 048 

0 5881)8 1687 

0 72771)7 339 

1 2751)5 8'’! 

2 2451 

28184 

1 1881)2 088 

0 7381) 1 9323 

0 7954±j0 6576 

1 16741jl 4864 

2 6948 

2 43851)0 9571 

1 !76I±)0 58I4 

0 60641(0 5704 

0 92611j0 6231 

0 7296 

0 1551 

0 3826 

0 4259 

0 184 1 
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TABLE 5 


Summary of results (Tables 4 1,4 2,4 3,4 4) 


Study system 

Parameters 

Parameters 

Observations 

1 TCSC with CA 
Conti ollci 

CAl 

K„ =39 694 

Kp, = 10 984 

Tp =0 399 

T„ c = 0 033 

Tpi, =0 319 

Tpi =0 850 

TnKas= 0 0001 

CA2 

K,tc = 39 984 

Kp, = 9 384 

Tp =0 399 

T,csc = 0 032 

Tpu =0 084 

Tp,. = 0 970 

T„, as= 0 0001 

System is stable 
up to 800 MW 
Beyond this 300 
rad/sec mode is 
causing 
problems 

2 TCSC with CA 
Conti ol lei and 
PSS 

CAl 

Same as pievious 
case 

PSS 

K,„b = 0 109 

Tp 1=0 183 

Tp = 0 060 


System is stable 
up to 1 100 

MW 

3 TCSC with CC 
Contioller 

CC 

K,„= 0 080 

Kp„= 0 1 

Tp =0 805 

Ticc = 0 033 
Tpii=0 133 1 

Tpp = 0 823 

T,«„s = 0 0001 


System is stable 
up to 1000 MW 

4 rCSCwithCC 
Contioller and 
PSS 

CC 

Same as the 
previous case 

PSS 

Kswb = 0 269 

Tp,„ = 0 183 

TasP = 0 060 

System is st ibic 
up to 1 200 
MW 


From tabic 4 1 it is observed that beyond 800 MW 300 rad/sec (TCR mode ot 
TCSC) mode is making the system unstable 

From table 4 2(TCSC CA and PSS) it is observed that though the system is stable at 
1200 MW the clectiomechanical mode is very close to the unstable region Therefoie 
pushing powers on trinsmission lines beyond 1100 MW is not recommended foi this study 
system 

From table 4 4 it is seen thit the combinUion of CC Controller and PSS increiscs 
the damping of electromechanical mode (7 racbsec) by a considerable margin 
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capibility FioiTi Tiblt 4 5 it is clear that for the chosen 11% senes compensation the 
power sh iring between the two lines is nearly same This system is not recommended for 
highei geneiating powcis bee mst of its poor voltage piofile 


4 3 CONCLUSIONS 

It his been pioved that the study system with CC Controller is better than the CA 
Controllci When combined with PSS again CC Controller results in better damping of 
electromcchanic \\ mode Equal powei sharing is obtained with 1 1 % senes compensation 


in 
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Chapter 5 

EIGENVALUE ANALYSIS WITH 
SVC, TCSC AND PSS 


5 1 Introduction 

THl. study sysltm considered foi the eigenvalue studies is similar to the system shown 
in lig 2 1 Lint 1 is shunt compensated U the mid point by Static Var Compens rtor (SVC) 
and Line2 is stilts compens tied by a Thyiistor Contiolled Series Capacitor (TCSC) E ich 
line IS of 600 Km long having surge impedance load of 540 MW The chosen senes 
compens ition loi TCSC is 11% of totil leactance of Line2 The modeling ot SVC 
TCSC ind then contiolleis and Powei System stabilizer (PSS) has been described in 
chapttr2 Eigtnv due studies have been conducted foi various combinations of the study 
system Theyaie is follows 

1) SVC and TCSC with Constant Angle (CA) Controller 

2) SVC PSS and TCSC with CA Controller 

3) SVC with Line Curient Auxiliary Contioller and TCSC with CA Controller 

4) SVC ind ICSC with Const int Cuiient (CC) Contiollu 

5) SVC PSS vnd TCSC with CC Controller 

6) SVC with I me Curient Atixili iiy Controller and TCSC with CC Controller 

The pel form incc of ibovc 6 ciscs hive been studied and discussed Conclusions ut 
given at the end of the chapter Heie SVC implies SVC with its voltage regulatoi 

Like in the chipter 4 heie also two sets of parameters hive been used tor CA 
Contioller Eigenvalues for all the six cases listed above have been given in the Tables 5 1 
5 2 5 3 5 4 5 5 and 5 6 in the order of their occurrence in the list above CAl is chosen 
for powers up to 500 MW and CA2 is used for powers beyond 500 MW The parameters 
of all the controlleis ind the observations made on the above eigenvalues of ill the cises 
as been given in T ible 6 Steady st Ut conditions of the system are given m the T iblt 5 7 


64 


PABI r S 1 


System eigenvalues (SVC and TCSC with CA Controller) 


Pg = 100 MW 

CAl 

Pg = 500 MW 
CAl 

Pg=800MW CA2 

Pg = 1000 MW 
CA2 

9999 9999 

9999 9997 

9999 9999 

9999 9998 

2 937±j3668 31 

2 937+J3668 29 

2 937±j3668 28 

2 936±j3668 26 

2 947±j3039 99 

2 947±j3039 98 

2 946±j3039 96 

2 946+J3039 94 

1 1 46±j2666 77 

1 1 46±j2666 63 

1 1 46±j2666 37 

1 1 46±j2666 12 

12 77±j2038 45 

12 77±j2038 30 

12 77±j2038 05 

I2 77±j2037 79 

10 94+jl 146 64 

11 16±jll37 96 

11 55±jll22 75 

!1 98±i]106 95 

542 87+J66 89 

543 28±j67 83 

544 06±j69 47 

544 87+J71 108 

I5 59±j518 58 

16 103+J509 82 

17 01±j494 46 

i8 037±j478 47 

0 953±j433 93 

0 942±j440 08 

0 9238+J436 24 

0 9044±j437 24 

24 62+J313 69 

24 254±j313 13 

24 48±j313 36 

24 384±j313 25 

0 25±j309 843 

8 127±j311 884 

7 66±j311 88 

7 098+J31 1 811 

8 434±j31 1 61 

EESESSaHI 

0 319±j303 30 

0 394+J300 158 

0 544±jl99 22 

1 467±)213 72 

0 6723^203 889 

0 691±j206 247 

58 83±j85 57 

57 018±j86 49 

55 148iy89 83 

53 442±j93 561 

26 36±j24 499 

26 375±j24 76 

26 396+J24 837 

26 453+J24 88 

35 7842 

36 5933 

35 357±j0 4766 

35 493±j0 6391 

34 3149 

34 8456 



21 5440 

7 9224±j22 7 

22 2718 

2 266±jl6 8477 

0 2496±j7 1 88 

0 4965±j7 1 136 

1 5471±jl4 465 

20 6945 

2 9533+J6 3114 

107122 

0 3190±j7 1676 

0 003+J6 5357 

0 8440±j0 8006 

0 6398±)0 8159 

0 7403±j0 9042 

0 9019±jn 9739 

2 2397 

2 8798 

2 9843 

2 9869 

3 0695 

3 1195 

6 0892 

6 1983 
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TABLE 5 21 


System eigenvalues (SVC , PSS(PSSl) and TCSC with CA Controller) 


P, = 100 MW 
CAl 



P„ =1200 MW 
CA2 

9999 9999 

9999 9997 

9999 9998 

9999 9998 

2 937+J3668 31 

2 936±j3669 29 

2 936±j3668 26 

2 94±j3668 229 

2 946+J3039 99 

2 95±j3039 981 

2 946+J3039 94 

2 95+J3039 91 

1 1 46±j2666 77 

1 1 46±j2666 63 

1 1 46±j2666 12 

1 1 46±j2665 77 

12 77+J2038 45 

12 77±j2038 30 

12 767±j2037 8 

12 77±j2037 45 

10 94±jll46 63 

11 16+J1137 96 

1! 98+J1106 95 

12 64+J1084 61 

S42 86±j66 89 

543 28±j67 83 

M4 87+J7I 108 

546 02±j73 353 

15 592±j518 58 

16 I03±j509 82 

18 04±j478 472 

19 677±j455 79 

0 9S3±j433 927 

0 942±j440 078 

0 904±j437 24 

0 89li:j43H 244 

24 617±j3r3 69 

24 254±j313 13 

24 38±j313 254 

24 26±j3l3 163 

0 2498±j309 84 

8 127±j311 884 

7 0978+J31 1 81 

6 216±j3Il 699 

8 434±j3 1 1 606 

0 047±j290 3I2 

0 394±j300 158 

0 489±j296 702 

0 544±jl99 213 

1 467+J213 72 

0 691±j206 247 

0 699±j208 304 

58 825±j85 573 

57 019±j86 491 

53 444iy93 559 | 

50 98!±j99 034 

26 477±j24 514 

26 899±j24 619 

26 996±)24 959 

27 042±p4 986 

35 6934 

37 9246 

37 5622 

37 6525 

34 7310 

34 8404 

34 8787 

34 9126 

24 6778 

10 7972 

21 245+jl 8831 

20 523±j0 96 

2 1 2399 

21 3986 



0 0102±j7 4408 

8 4432±j22 502 

2 357+J16 1863 

2 939±jl8 789 

3 2297±j6 3205 

0 5706±j8 3554 

0 3540±j8 1322 

0 0960±j7 0964 

0 8113±j0 7390 

0 6089+jO 6956 

0 7898±j0 8283 

0 9825±j0 8840 

2 2941 

2 8932 

2 9827 

2 9428 

3 0694 

3 1 194 

6 2037 

6 2867 
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TABLE 5 22 


System eigenvalues (SVC , PSS(PSS2) and TCSC with CA Controller) 


11 

o 

o 

Po = 500 MW 
CAl 

P„ = 1000 MW 

CA2 

Pg = 1400 MW 
CA2 

9999 9999 

9999 9997 

9999 9998 

9999 9998 

2 937±j3668 11 

2 936±j3668 29 

2 936±j3668 26 


2 947±j3039 99 


2 946±j3039 94 

2 945±j3039 87 

1 1 46±j2666 77 

1 1 46+J2666 63 

1 1 46±j2666 12 

1 1 46±i2665 28 

12 77±j2038 4‘i 

12 77±j2038 30 

12 77±j2037 79 

I2 77 ± j 2036 95 

10 94±j]146 64 



13 74±jI051 4 

542 87±j66 894 


MEiijrlBrllltlMMBil 

547 76±|76 55 

15 592±j518 58 

16 102±j509 82 

18 037±j478 47 

0 949+J439 345 

0 953±j433 927 

0 942±|440 078 

0 904±j437 24 

22 604±j421 68 

24 6l7±j313 69 


24 384+J3I3 25 


0 2498±|309 84 

8 127±j31 1 884 




8 434±j311 61 

0 047±j290 312 

0 394±j300 158 


0 544±jl99 213 

1 467±j213 72 

0 691±j206 247 


58 829±j85 575 

57 024±j86 489 

53 444±j93 553 


99 9976 

99 9706 

99 9590 

1 99 9560 

26 422±j24 326 

26 299±j23 846 

26 769±j24 013 


35 8321 

34 879±j0 1288 


34 83^±i] 7437 

34 0327 




21 4777 

8 2703±j21 923 

91 0385 

2 93l5±i2I 4'^6 

0 0689±|7 5316 

1 0581±j8 4351 

1 8370+J16 044 

17 8739 

immimmam 

10 8010 

1 0125±j8 1127 

0 0822±j5 5216 

0 8101±j0 7427 

0 6055+jO 6999 

0 7870±j0 8075 

1 47±j0 8632 

2 2871 

2 8910 

2 9834 

2 7386 

3 0694 

3 1194 

6 1996 

6 3507 
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TABLE 5 3 
System eigenvalues 


(SVC with Line Current aux Contr and TCSC with CA Controller) 


P. = 100 MW 
CAl 

Po = 500 MW 
CA2 

Pj, = 800MW CA2 

P„ = 1000 MW 

CA2 

9999 9999 

9999 9999 

9999 9999 

9999 9998 

2 937±j3668 31 

2 936+J3668 30 

2 936+J3668 28 

2 936±j3668 26 

2 947±j3039 99 

2 95+J3039 98 

2 946±j3039 96 

2 946+J3039 94 

1 1 459+J2666 8 

! 1 459+J2666 6 

1 1 46+J2666 37 

1 1 46±j2666 12 

12 77±j2038 45 

12 76+J2038 30 

12 76±)2038 05 

I2 77±j2307 79 

I0 93±jll46 68 

11 16±jin8 06 

11 56±jll22 85 

12 01±j]107 05 

542 72±j67 789 

542 93±j70 721 

543 71±j72 583 

544 53±j74 344 

15 802+J518 74 

I6 41+J510 32 

17 299±j495 06 

18 34±j479 17 

0 945±j433 919 

0 898+J434 752 

0 903±j436 234 

0 883±j437 234 

24 91±j313 872 

25 19+J313 704 

25 117±j313 50 

25 05±j313 38 

0 256±j309 839 

4 01±j311 474 

3 385+J311 89 

2 654±j312 08 


0 388±j307 526 

0 271+J303 247 

0 324±j300 113 

0 489±jl89 20 

0 336±j200 806 

0 574±j203 905 

0 596±j206 264 


60 04+J80 735 

58 083±j82 115 

56 397±j84 679 

26 371±j24 481 

26 384±j24 695 

26 472±j24 813 

26 537+J24 86 

35 6288 

35 514±j0 4578 


36 299±j0 856 

34 3193 




21 6585 

24 7174 

22 3405 

20 6870 

1 1 0435 

6 9851 

7 0162 

6 2540 

0 2484±j7 1781 

0 1561±jl0 982 

1 6294+J14 491 

2 332±jl6 899 

2 9580±j6 3106 

1 0453±j7 473 1 

0 3057±j7 1650 

0 0173±j6 5648 

0 8474±j0 8022 

0 6735+J0 8149 

0 7323+jO 9019 

0 8850±j0 9722 

2 2395 

5 8651 

6 1308 

7 0089 

3 0695 

2 8799 

2 9847 

2 9878 
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TABLE 5 4 


System eigenvalues (SVC and TCSC with CC Controller) 


P«= 100 M W 

Pg = 500 MW 

Pe = 800 MW 

P,=1000 MW 

10000 00 

10000 00 

10000 00 

10000 00 

gTTTi 

2 936+J3668 30 

2 936+J3668 28 

T 936+J3668 26 


2 947±j30^9 98 

2 95±j3039 96 

2 946+J3039 94 


1 1 46±j2666 63 

1 1 46±j2666 37 

1 1 46+J2666 12 

12 77±j2038 45 

12 77±j2038 30 

12 77+J2038 05 

12 77±j2037 79 

10 94±|1146 63 

11 I6±jll37 96 

11 55+J1122 75 

11 98±jll06 95 

542 87±j66 89 

543 28+J67 83 

544 06+J69 467 

544 87+J71 08 

15 59±j518 58 

16 l()±j509 81 

17 01±j494 456 

1 8 03+J478 468 


0 963+J432 025 

0 963±j431 907 

0 969+J431 82 


24 56+J313 847 

24 52+J313 844 

24 48±j313 85 

0 371±j314 278 

0 391±j314 73 

0 412+J315 081 

0 4187+J315 33 

8 434+J311 678 

8 15±j31 87 i 

7 681+J311 863 

7 107±j31I 789 

0 344±jl96 119 

0 269±jl95 51 


0 I61+J194 753 


57 03±j86 461 

55 158±j89 810 

53 455+J93 533 

26 355+1 24 5 

26 313±j24 721 

26 332±j24 809 

26 35+J24 819 

7801 

34 7936 

33 957+J0 7418 


29 743±) 1 072 

32 0099 




29 7637 

28 4268 

27 7723 

0 6801±j4 95'58 

0 8479±j5 5761 

0 7779±j3 6933 

0 164l±j3 5221 


1 287 l±j2 9438 

1 6398+J5 5062 

2 4358±j5 8471 

2 2275 

2 8702 

2 9755 

2 9738 

0 8437±|0 8007 

0 6450±j0 87I6 

0 7628±j0 9068 

0 9660±j0 9633 

0 1727 

0 2465 

0 2555 

0 2585 
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TABLE 5 5 


System eigenvalues (SVC , PSS and TCSC with CC Controller) 


Pe=100 MW 

Pg = 500 MW 

Pg= 1000 MW 

P,=l 100 MW 

10000 00 

10000 00 

10000 00 

10000 00 

2 9^7±j3668 31 

2 936+J3668 29 

2 936+J3668 26 

2 936±)3668 '^5 

2 947+J3039 99 

2 947+J3039 98 

2 946+J3039 94 

2 96±j3039 93 

1 1 46±j2666 77 

1 1 46+J2666 63 

1 1 46±j2666 12 

i I 46±|2665 96 

I2 77±j20^8 45 

i2 77±j2038 30 

12 77±j2037 79 

12 77+J2037 63 

10 94±jll46 64 

MIlBBgaiitBM— 

11 98±jll06 95 

12 28±jl096 78 

542 87±j66 89 

543 28±j67 83 

544 87±j7 1 1 1 

545 39+J72 14 

15 59±j518 58 

16 10±j509 81 

18 04+J478 47 

18 75±j468 16 

0 958±j432 167 

0 963±j432 03 

0 969±j431 817 

0 969±j431 77 

24 58±j3n 88 

24 56±j313 85 

24 48±j3l3 85 

24 46±j313 86 

0 37±j314 278 

0 391±j314 73 

0 419±j315 33 

0 437+J315 45 

8 434±j311 618 


7 107±j311 789 

6 71±j31 1 74 

0 344±jl96 119 

0 269±jl95 508 

0 161±jl94 75 

0 122+JI94 60 

58 83±j85 566 

57 034±j86 461 

53 46+J93 532 

52 35±j95 988 

101 0999 

101 0071 

101 0058 

101 0057 

26 39±j24 504 

26 44±j24 7475 

26 509±j24 853 

^ 26 52±j24 8476 

35 7780 

34 7951 

33 999±j0 475 

33 3661 


32 1252 


34 4860 

29 763±j 1 0745 

29 7295 

27 7637 

27 4791 

BEBaaEsaH! 

0 5887±j6 2457 


2 4393±j6 1667 

1 2278+jl 2724 

I 407 l±j2 9677 

0 6022±j4 2381 

0 2616+|4 1 1 10 

0 807 l±j0 7261 

0 6112±j0 6748 

0 8001±j0 7791 

0 8843±j0 7929 

2 902 

2 8806 

2 9655 

2 9510 

0 1726 

0 2464 

0 2584 

0 2595 
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TABLE 5 6 
System eigenvalues 


(SVC with Line Current aux Contr and TCSC with CC Controller) 


P,= lOOMW 

Pg = 500 MW 

Ph= 1000 MW 

P,= 1100 MW 

10000 00 

1 0000 00 

10000 00 

10000 00 

2 937±j3668 31 

2 936±j3668 30 

2 936±j3668 26 

2 936±j3668 25 

2 947±j 30*^9 99 

2 947±j3039 98 

2 946±j3039 94 

2 95±j3039 93 

11 46±j2666 77 

1 1 46±j2666 63 

11 46+J2666 12 

1 1 46+J2665 96 

12 77±j2038 45 

12 77±j2038 30 

12 77±j2037 79 

12 77+J2037 63 

I0 92±jl 146 70 

11 16±jll38 04 

12 00±jll07 03 

12 30±jl096 87 

542 63+J68 34 

543 0±jl7 165 

544 59±j73 72 

545 12±j74 80 

n 93±j‘>18 846 

16 35±j510 224 

I8 28±j479 03 

19 0±j468 779 

0 946±j432 15 

0 978+J432 019 

0 953±j431 81 

0 954±j43 1 77 

25 03±j314 14 

25 06+J313 97 

25 02±j313 91 

25 0+J313 895 

0 368±j314 278 

0 391±j314 729 

0 4197+J315 32 

0 439±j315 449 

5 473±j310 08 

4 796+J311 503 

3 452±j311 98 

2 959±j312 05 

0 245±jl96 099 

0 168±jl95 526 

0 059±jl94 79 

0019±jl94 64 

61 41±j86 8n 

59 557+J81 963 

56 021+J86 528 


26 374±j24 472 

26 343±j24 696 

26 389+J24 791 

26 396+J24 784 

35 5166 

35 1489 

35 9786 


29 837±j 1 075 

32 6910 

33 0475 

32 6776 


29 5352 

27 8049 

27 5525 

0 688 l±j4 9572 1 

0 8482±j5 6245 i 

2 3672±j5 7971 

2 7243±j5 9582 


1 3398±j2 9606 

0 3696±j3 7908 

0 1088±J3 6232 

0 8475±j0 8020 

0 6366±j0 8157 

0 9167±j0 9741 

1 0595±j0 9963 

2 2275 

2 8689 

2 9654 

2 9400 

4 3867 

4 1614 

44172 


0 1728 

0 2469 

0 2590 

0 2601 
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TABLE 6 


Summary of results (Tables 5 1,5 21,5 22,5 3,5 4,5 5 5 6) 


Study system 

Parameters 

Parameters 

Observations 

1 SVC \nd TCSC 
with CA 

Controller 

CAl 

Kuc = 38 984 

Kp,c= 10 984 

Tp =0 399 

T, =0 032 

T,i, =0 319 

Tpi = 0 890 

T„, as = 0 0001 

CA2 

Kttc = 39 884 

Kp, = 10 184 

Tp =0 399 

T, =0 032 

Tp„ =0 084 

Tpp =0 970 

Tn, =0 0001 

System is stable 
up to 1000 MW 

2 SVC PSS and 
TCSC with CA 
Contioller 

CAl 

Same as the 

previous case 

PSSl 

Kstab — 0 1 

Tpssi “ 0 129 

Tp,s =0 04 

CA2 

Same as the 
previous case 

PSS2 

Kstab =0 1 

Tpssi =0 152 

T, =0 010 

PSSl 

System is stible 
up to 1 100 MW 
PSS2 

System is stable 
up to 1400 MW 

3 SVC with 
Auxiliary 
Controller and 

TCSC with CA 
Controller 

CAl 

Same as the 

previous case 

+ 

Aux Contioller I 

Kaux =0 00839 
Tauxi=0 15299 
Tauxo=0 08967 

CA2 

Same as the 

previous case 

+ 

Aux Controller2 
Kux=0 013308 

Tattxi=0 31299 

Ta„x =0 14467 

System is stable 
up to 1000 MW 

4 SVC and TCSC 
with Its CC 
Controller 

CC 

Ku,= 0 156 

Kp, = 0 450 

Tp =0 805 

It =0 033 

Tpi,=0 133 

T|i =0 823 

Tn, as = 0 0001 


System is stable 
up to 1000 MW 

5 SVC PSS ind 
TCSC with CC 
Controller 

CC 

S ime as in the 
previous case 

PSS 

Kub = 0 105 

Tpssi =0 024 

Tnsso = 0 0099 

System IS stible 
up to 1100 MW 

6 SVC with 
Auxiliary 
Controller and 

TCSC with CC 
Controller 

CC 

Same as in the 
previous case 

Aux Controller 

Kaux = 0O1331 

Tattxi= 0 3929 
Tat,x.=0 22467 

System is stable 
up to 1100 MW 
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From Table 5 1(SVC and TCSC with CA Conti olki f) though 

the system is stable up to 1000 MW the operation at 1000 MW is not feasible because of 
the poor damping of electromechanical mode (6 5 rad/sec) Any attempt to make this 
mode stable at 1000 MW is causing another mode (1 1 rad/sec) to become unstable at 500 
MW 

From the Table 5 21 (SVC PSS and TCSC with its CA Controller) the system is 
capable of transferring powers up to 1 100 MW but it is unstable at 500 MW tor CA2 ind 
IS stable foi CAl at the same power The instability is mainly due to 267 rad/sec mode 
Parameters used for PSS are PSS 1 in the table 6 

Table 5 22 shows the eigenvalues obtained for PSS2 (Table 6) It is observed that PSS 
improves the power transfer capability of the system up to 1400 MW In this case also 
system is unstable at 500 MW with CA2 It is observed that by increasing the leading 
compensation offered by PSS the stability of the system can be improved for higher 
generating powers But realization of this parameters is difficult m practice In this case 
also instability to the system at 500 MW is caused by 267 rad/sec mode 


In case 3 (Table 5 3) Aux Controller! and Aux Controller2 are used along with 
CAl and CA2 respectively It is observed that the use of Line Current Auxiliary 
Controller improves the damping of electromechanical mode (7rad/sec) and hence the 
power transfers capability of the system 

From Table 5 6 (SVC PSS and TCSC with CC Controller) it is observed that the 
damping of electromechanical mode (6 rad/sec) increased by a considerable margin 


TABLE 5 7 

steady state conditions of the system 



Pi MW 

P, MW 


V-) pu 


jyapu. 

Vy pu 

800 

388 

411 

0 992 

1 0 

0985 

0 961 

0 962 

1000 

495 

504 

0 980 

1 0 

0971 

0931 

0 932 

1100 

551 

547 

0 972 

1 0 

0 963 

0911 

0913 

1200 

611 

588 

0 963 

1 0 

0 952 

0 889 

0 890 
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VoUagt,s V4 Vt V V( V 7 ut, defined in Fig 2 6 
Pi IS the powei flow over Linel (SVC line) 

Pi IS the powei flow over Line2 (TCSC line) 

Fiom the ibove T ibic 's 7 with incieise in generating power (up to lOOOMW) the 
TCSC line is cirrying slightly more power compared to the SVC line But beyond 1000 
MW SVC line starts carrying more power compared to TCSC line The steady state 
voltage profile is good up to 1100 MW Even for 1200 MW V4 V_ are good but the 
voltage on either side of TCSC have reduced by considerable margin These voltages V^ <§- 
V7 can be impioved if shunt capacitors are placed at those points But under no loid or 
lightly loaded conditions these voltages may raise to intolerable levels The 
recommendations may be to use switched shunt capacitors at these two nodes (V( <S. V?) 
Use of switched capacitors is beyond the scope of this thesis For the Chosen 1 1% senes 
compensation for the TCSC the steidy state power flows over the two parallel lines is 
almost same at 1200 MW 

5 2 DISCUSSIONS 

Comparing the Tibles 5 1 5 21 ind 5 22 it is observed th tt powei ti insfei e tp ibility 
of the system incretsed with the use of PSS in the system Comparing tables 5 I & 5 5 it 
can be seen that the Line Current Auxiliary Contioller increases the system stability The 
combination of CA and Auxiliary Controller increases the damping of electromeeh inie il 
mode (6 56 rad/sec) to 10 times it 1000 MW power level Ftom Table 5 21 and 5 22 it is 
clear that the system is unstable foi the combination of CA2 and PSS at 500 MW In this 
case It IS recommended that not to go for PSS when generating powers are below 800 MW 
and to use PSS for powers beyond 800 MW Thus by properly scheduling the CA and PSS 
controllers the system cm reach powers up to 1400 MW Only one set of pii imetcrs h is 
been used for CC controller By comparing CA and CC (Table 5 1 & 5 4) Controllers it is 
observed that the TCSC with CC Controller gives better results compared to TCSC md 
CA Contioller Looking it the results in table 5 4 (TCSC with CC Controller) table 5 5 
(CC Controller ind PSS) the combination of CC Controller and PSS has made the system 
stable up to 1 100 MW This result is expected as PSS is doing its job nicely by improving 
the d imping of electiomechanical mode Comparing CC Contioller and the combin ition 
of CC Controller and Line Current Auxiliary Controller it is observed that the latter is 
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better than the foimer in terms of power transfer on the two lines Looking at the lesults 
of all the cases it is observed that TCSC with CC Controller is better than TCSC with CA 
Controller The steady state powci flow over the two lines is almost same up to the powci 
level of 1200 MW and also voltage profile at various buses is good 

5 3 Justification for having both TCSC and SVC in the 
system 

In chapter 3 it is observed that the combination of SVC with Line Cuiicnt Auxihaiy 
Controller and PSS has made the system stable up to 1300 MW From chapter 4 it can be 
seen that combination of TCSC with CC controller and PSS increases the powei trtnsfci 
capability of the system up to 1200 MW In both the cases it is clear tint the system is 
stable up to 1200 MW with one or the other device Then the question may arise Why 
this work recommends the system with both SVC TCSC and PSS The answer is as 
follows 

The studies have been done for small series compensations like 11% For highei 
series compensations SSR problem will occur and both SVC with its Auxiliary Controllers 
and TCSC can be used for damping SSR Also to improve the steady state voltage profiles 
at higher generating powers enough reactive power support is needed on the lon^^ 
transmission lines This can be achieved by employing a SVC U the mid point ol the 
linel SVC IS a dynamic device which can be used to supply both lagging and leading 
reactive power requirements 

Without having a controllable device on Line2 it is not possible to obtain control on 
power flow over two parallel lines Among the two devices SVC & TCSC control of 
power IS possible with TCSC ind ilso TCSC is not meiely used for the puiposc oi powci 
boosting It has numerous adv images During fault conditions TCSC cm be made to 
operate under byp iss mode to icducc the magnitude of f lult curicnt Hewing in the ime 
Thus the transient stability can be impioved using both TCSC and SVC From the ibove 
discussions with pioper coordination between TCSC on hne2 and SVC on lincl the 
system c in be made more stable under steady state and transient conditions 



5 4 CONCLUSIONS 

It IS observed that TCSC with CC Controller is better than TCSC with CA Coniiollei 
In all the cases when PSS added to the system stability improves thereby improving the 
powei ti Ulster c ipibility ot the system Both CA and CC Controllers when combined with 
Line Current Auxiliary Controller results in to a more stable systems It is observed that 
by propel ly scheduling the CA Controllers at different power levels the system stability 
can be impioved Foi the chosen pai imctcis of CC CA SVC ind PSS thcic is no 
adverse intci action between the two FACTS devices (SVC and TCSC) Foi the same 
powei level CC controller gives more stable system in teims damping ol the system 
eigenv tlues compared to CA controller 
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Chapter 6 


CONCLUSIONS 


In this thesis a Single Machine Infinite Bus System (SMIB) has been studied with 
two parallel lines One of the lines has a Static Var Compensator (SVC) connected at the 
midpoint whereas the other has a Thyristor Controlled Senes Capacitor (TCSC) The two 
lines are 600 Km long having natural load of 540 MW The generator is equipped with a 
PSS Eigenvalue analysis is performed to evaluate system stability Controller parameters 
are determined which ensure a satisfactory coordinated control of the two FACTS devices 
(SVC and TCSC) together with PSS Different configurations of study system are 
investigated The following observations are made 

The system is stable up to 500 MW when no dynamical device is present m the 
system Study system considered does not include TCSC SVC and PSS When provided 
with Power System Stabilizer(PSS) system remains stable up to 1200 MW but at the 
expense of steady state voltage profile 

When the study system has SVC on Line 1 and Line 2 is uncompensated with the 
presenceof PSS the power transfer over the two lines reaches 1300 MW It is shown that 
Line Current Auxiliary Controller of SVC increases damping of the system and SVC 
improves the voltage profile 

The next study system has TCSC on Line 2 and Line 1 is uncompensated Two 
types of controller namely (1) Constant Angle (CA) and (2) Constant Current (CC) have 
been employed with TCSC It is shown that TCSC with CC controller contnbutes more 
damping to the system compared to TCSC with CA controller Again when PSS is 
included in the system power transfer capability of the system mcreases to 1200 MW 

In the final study both SVC and TCSC are included in the system The chosen 
operating point of 1 1% senes compensation for TCSC results in equal power flow on the 
two lines under steady state and the presence of SVC at the midpoint of Line 1 improves 
the steady state voltage profile of the system 

It is observed that generally better stability charactenstic is obtained with CC 
control than CA control However with two separate sets of CA controller parameters 
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one for low power range and the other for high power range stable system operation has 
been obtained up to about 1400 MW of total power transfer With CC control and with 
only one set of parameters for the whole power range stable operation has been obtained 
up to about 1100 MW These results are in the nature of preliminary results and belter 
results in terms of maximum stable power transfer on the lines can be obtained with better 
designs of the various controllers 


SCOPE FOR FUTURE WORK 

• The study system e m be simulated on EMTDC/PSCAD p lek ige foi studying the 
transient behavior ot the system 

• The studies c tn be extended to multi are i systems with double circuit tie lines 

• Studies e in be extended to lealistie systems such as the Northern Rtj^ion il Electiieils 
Bo lid (NRTB) 
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APPENDIX A 


SYNCHRONOUS MACHINE MODEL 
PARAMETERS 


In this Appendix expressions are given for the various constants which ire 
used in the synchronous machine model [2] 

The const lilts iie delmed as 



a 

w 

1 




Xj-X, -x'ji 

1 

! 

1 

>-* 


'a, 


w 

\ 


ti-j 

^h_ 

1 

j 

1 

! 



The constants b, - are defined as 


b = ^^ 

7; ■ 

vv 

'RliXi^X, - \iiXi, )1 

fxj 

A II 


\,Xl-X 0 

1 

1 



vv 

- SA\n' 

A. 

^ a 

1 

1 

1 


The constants c, -C4 are given as 


C, = — 7r 


• X 


^1 -Xjl ) 


C — *—77 
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where 


— 7K- — 


„ _ 

Ca — 77 


- \i. ) 


X I V,, Xj^ Xj^ are reactances ot the rotor coils specified by the subscripts 
Rf R/ Rf^ lie iLsistinees ol the rotor eoils speeilied by the subseiipls 

'^11 '^11 ih ^ mutual reactances between rotor coils 

specified by the subscripts 

The resistances ind reictinces of the various rotor coils are dehned as follows 


^dj = ^11, = ^th = 




^hl ~ 


(V/ -X,){Xi -X,) 

i^l - ^/ ) 


{Xj -X,)XJI 
{^1-^1 ) 


_ ( S -^l) 

^ — 

' ^ ) 

X I - X JJ + X fj 

^ + \l 


(v,-t, ) 

V, = ^dj + ^hl 
= ^iL+^kl 


R 


f 



wJi {x^,-\,) 


R. 


(\i - ^/) 


(^d -^/) 

\v T I {x I - ) 


T,r ) 


where 

Xf IS the stator leakage leactance 

Xj X, Xi ire the direct axis synchronous trinsient ind subli insienl 

reactances respectively 

x^ x^i Xi ire the quadriture axis synchronous trinsient and subiansient 

reactances lespectively 
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7/ 1 1 ait. tht diitttaxis transitnt ind subiransitiit open tirtuit time 

Lonstants respectively 

are the quadrature axis transient and subtransient open circuit tunc 
constants respectively 
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APPENDIX B 


DETAILS OF SYSTEM MODEL 
DESCRIBED IN CHAPTER 2 

B 1 Rotor Circuits 

Substituting eqn (2 7) in cqn (2 6) 

+a +/P|V/ +h cos^ ip -b sin (5 Iq 
4^; = +rt 4 'P, +^7, cos<5 ip-b^^\x\biQ 

+Z?, sin +/?, costJiy (B 1) 

+"8^i +^6 +h^CO%SlQ 

The state equation for the rotor ciicuits is obtained by linearizing eqn (B !) 

X , = A R X B RsU B R U H ^ B RXU R^ 
where 

Ur '« ^ 'y] 




a 

0 

()■ 



o ’ 

II 

0 

0 

0 

0 

«6 


^s^ja 

0 

0 


_0 

0 

Cli 



_ ^ 6^/0 

0 

Ji 
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Bh 0 0 oj 


i,o =cos(5(,i„(, 

+ cos<5,)/y,) 


b cos(?o 

-b sm(?o 

/?, cos ^0 

- sin t?o 

7>, sin Sq 

b^ cos Sq 

h <^o 

b^cosS^ 


Substituting tqn (2 9) in tqn (2 10) gives 


Ip - C| cos<5 ^ I + c cos<5 + 6 :, sin<5 + C 4 sint5 


Iq - -c, sin^ -c, sin^ 'F;, + c^, cost? +C 4 cost? 4 ^^ 


(B3) 


Differentiating eqn (2 9 ) 

7, =6,4^, +c 4^, 

/, =0,4^^ +C44', 

Eqn (2 10) is ilso differentiated to give 


in 


cos 6 

sin <? 

I, 

A>. 


-sin <? 

cost? 

J, 


dS 
+ — 

-sin <? 

cost? 

'i,' 

dt 

-cosJ 

-sin S 

J,. 


(B 4) 


(B5) 


The flux derivative teims in eqn (B 4) are replaced by their respective 
expressions obtained fiom the rotoi state equations (B 2) I, 1^ so obtained lie 

substituted in eqn (B 5) The resulting equation together with eqn (B 3 ) aie now 
linearized to give the output equations of lotoi circuit as 


y It] C/?i^/?‘*'Z)/;iWi?i (B 6 ) 

y ft ~ C R Xr Dr Ur\'^ Dr\Ur DraUr\ (B 7) 
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where 3 ;^^ = [a /„ A /J ' = [a /„ A /J 


The nonzero elements ot the different matrices are defined as 

C|^^ (1 1 ) = C| cos( 5 o 

C/ji (1 2) = r cos^„ 

^Ai (1 3 ) = CTsm^„ 

C/;| (1 4 ) = C4 sin < 5 (, 
l) = ~C|Sin< 5 () 

C^i (2 2) = c sin (5 q 

^ R\ 3 )“ 6 -^ cos (5 Q 

C;ji (2 4 ) = 64 cos< 5 o 

Cj^ (1 1) = (C|fl| + c.,fl-,)cos< 5 (, 

C;j, (1 2) = (6,fl,+ C-,«4)COS^() 

C/f-, (1 3) = {c■^a^+c^a■J)i,mS^1 
Cr-, (1 4 ) = {c-,a 6 +C 4 fl 8 )sin^(, 

(2 1)“ (c jri i"}* c '^)sin 
C/j (2 2) = -(C|« +t r/ 4 )sin( 5 () 

C^T (2 3 ) — (c^rz 4+64^7) cos ^ 0 
C/j 1 (2 4 ) = (c-jfl g + 6 4rz jj ) cos ^ y 
^Aid l)=/(;o 
■^Al 0 — ~ J DO 

£>«->(• l) = -(C|/^', + t /;,) Z^yCOS^O + (c,/ 74+C4/?6 +C4&4)ZjoSin(5y 

(1 2)=1 qq 

D/f (2 l) = (C|/?+c ) ( ^0 sin ( 5 () + (64/7 4+ c 4/Py + c<|i>4 ) z yyCos < 5 y 
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D, (2 2) = -/^o 

(1 1) = 6,/7,C0S(5() 

(2 l) = -c,/?| sin(5„ 

(1 \) = {c^b+c /?, ) cos^ <5,) + (c^/? +c^/;g)sin 

(1 2) = -{c^h+c /?i)sin (5(,cos<5()+ (c,^, +C4/;^)sin (5,|COs«5,| 

^fl4 (2 l) = -(C|Z?+c /7-j)sin ^ oCos<5q+ ( c-,/?, +C4i>j,)sin ^ocos^o 
D /^4 (2 2)-(C|/?+c /jOsin + (t,/?, +C4i7f,)cos <5,, 

^OO ~ O-^/O ^ 0^/0 

^Qo = “'>in ^ ()//() + cos<5 q/^o 

B 2 Mechanical System 

The electromagnetic torque T acting on the generator lotor is i,i\cn 
in [2 ] IS expressed by 


The currents i,; and Ij ire transformed to D Q reference frime using 

the rehtionship given m eqn (2 7) It is noted that though eqn (2 7) is written 
speeitieilly loi li insloiming i, to D Q ixis qu unities the s une lel iiion ilso 

applies toi the transfoimation ot I, to corresponding euirents m D Q li une ol 

reference as 


7) =-v,y [(cosi5' Lp -smS ig){s\nSIp +cos<J/y) 

-(sin (5 Ip +cosS i^){cosSlp -sinS I q)] 


(B8) 
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AltunUivUy I = ^ 


(B 9) 


Substituting eqns (B 9 ) in eqn (2 17) and linearizing 


* DCOn ^ CO,, 

Aco = + — L 


^ I [^yO^^D ^DO^Q ^ DO^h D 1 


(B 10) 


combining this tqu ition with eqn (2 16) results in the state equation of mcch inical system is 

Xm ~ Au X m B B \ i Um (b 1 1 ) 


Um\ \_^^d ^'e]^ 

The nonzero elements ot v irious matrices aie given by 

a„('2) = l A«(22) = -5 |l 

5«|(2 = 

/ 

M X 

5a/, (2 2) = -^ 0,0 cos Jo + 1^0 sin (Jo) 

Bm,(2 l) = '^(/,.cos4-;,„smA„) 

fi« (2 2) = (2,0 ™ > 


Xy —CD^^L| 

It IS noted that as the mechanical power input is assumed to be const int 
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M -0 


The output equation ot the mech mical system is given by 


3^ u C* M X M 


(B 12) 


wheic = Aiw]' Cm=-^ 


B 3 Excitation System 


Where Eqns (2 212 25) are linearized to give the state eqn of the excitation system 


as 


Xh A-eXl'^ B e\Ue\'^ B E Uei 
where v , = [av, Av Av Av^ , ] 


(B n ) 


II F\ 


Ut =1^^ 


Ai 


Tf 

K,{K,+S,) 


TeT, 

0 

0 


Te TJ, 
1 


E± 

T, 

0 


0 


0 


T, r, 
0 




' m 


‘ PS’i 


Bh = 


BE^- 


0 0-^0 


n A ^ \ V ^ST\B 

0 B y 

M hss ^PS’; 

0 0 0 0 
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(B 14 ) 


Tht output equation is given as 

y,=c,x, 

C,=[| 0 0 0] 

B 4 Network Model 

The non/eio elements ot mitrices utilized in eqn (2 36) ire given below 


5,(16)=-- 



5,(2 2) = -y 

6,(2 6) = ~1 

5,(2 7)=^ 

1 

1 

II 

^,(37) = -i 

oc 

11 

5,(4 4) = -^ 

5,(48)=-^ 


S,(56, = -± 

5,(58) = ^ 


S,(.6 1 ) = -^ 

^,( 62 )=-^ 

5,(6 5) =-i 

S ,(7 2) = -7- 

3,(7 3)=-!- 


^,(8 3) = --^ 

3,(8 4) =-i 

5,(8 5) = -^ 

^ ( 71 ) = --!- 

3,(41) = --^ 

5,(11) = --^ 5,(51) 


The different matrices in the state equation of the network given by 
(2 39) are defined as follows 


eqn 
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A.N 


51 


CO, I 


Bn\- 


S 0 
0 5 


B. = 


0 

-^oS. 0 


^ Bh\- 


S. o' 

0 5. 


'Bn4~ 


S. 0 
0 


The expression for incremental magnitude of machine terminal voltage is now 
deiivcd Fiom Fig 2 6 the following equations tan be written 


V = Vt 


r 

_ r 


(B IS) 


(B 16 ) 


Transfoiming eqns (B 15 B 16) toD Q frame of leference using eqn (2 38) and 
linearizing the resulting equations gives 


Av 

Av 






Av 

Av 


-to 


4Q 


+ Z 


Aq 

An 


■L, 


Alp 

Aiq 


(B 17) 


where T, = 


0 


■^yoAi 

0 


The generator terminal voltage is expressed as 

V, 




Linearizing eqn (B 18) 


Av^ =T 


Av 

Av 


whete T = 


^1.00 

v.o ^0 


Substituting (B 17) in eqn 


(B IS) 


(B 19) 


{B 19) 
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> 

11 

'AV4»" 

+ 77 

Ai,/ 

-LJ 

All) 


> 

4- 

fO 

1 . . 

1 


n 1 

Aiq 


The ibove equUion is rewntten is 


A^^=T,^,+T,^, (B2b 

where T,=TT,+T T,T, T, = -L„T T, 


The nonzero elements of T, and are defined by 

7,(1 8) =7,(2 16) = 1 0 
7, (14) = /, (2 12) = 1 0 

Substituting eqn (2 89) in eqn (B 21) results in the output equ ition ot netwoik model 


y C n\Xn'^ 'D'^\Un\^ Dn Un ^ Dn^Un^'^ 

wheie V = ^wi ^ ^n\ ~~ 

y A/] ^ 

^A' ~ ^A'4'~^6'®V4 

Four moic output equations ire written for the network model 

y s ~ Cn2Xn 

y M ■ C n'^Xn 

y (y ^ A X N 

y />j%~ c n'^xn 


(B 22) 


(B23) 
(B 24) 
(B2‘S) 
(B 26) 


where 


;y^=K A'el' Av,J 

y^^=[^‘AD At4y]' Cs =^-1 



/ 
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The nonzeio elements of C^, Cv4 C„ are defined by 
Cv,(17) = C»,(2>5) = 10 
C^*a5) = CMO13) = 10 

Cv,(>3) = C„(211) = 10 


B 5 Static VAR System 


The nonzero elements of the different matrices used in eqn (2 62) ind eqn 
(2 63) are defined by 


A(1 1)=- 

<2 

A,(l 2) = -ffl„ 

A, (16): 

- CO \ 

/l,(2 1) = 


A (2 2)=-^ 

A^(2 6) 

= Cb q\ 

A, (3 4) = 

-1 0 

A(3 7) = l-^ 



A,(4I) = 

^ D 

A(4 2) = -^"‘’»” 

A, (4 4) 

1 

A, 

A, (5 3) = 

K, 

Ts 

4,(5 4) = -^ 

A^ (5 5) 

1 

~ T 

A, (5 7) = 

1 

1 

A, (65) = ^ 

^ n 

A^ (6 6) 

1 

^ T 
* 1) 

1) = 

CO 5q 

B,,{22) = (h,B, 



iJs,(41) = 

^ ^/)0 

5„(4 2) = -^ 

V to^w 
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II 

Uni) 

Uo 

A (3 2) = 

7' , 
r 

i 

K - 

i 

fi (5 1) = -£lZL 

± ^400 

A (5 2) = 


T , 

T, r 

^40 

T’s 

T 

A (7 1)-^ ^400 

^ ^40 


A (7 2) = 

iC 
’ 7 

^4r)o 

'40 

11 

O 


A,(5I) = ' 

Is 


C,(l 1) = C,(2 2) = 

1 0 

A = o 




B 6 Thyristor Controlled Series Capacitor 

B 6 1 Constant Angle Control 

The nonzero elements ot the different matrices used in eqn (2 79) and eqn 
(2 80) are delined by 




R. 


A^CA 2) — (1 3) — 


Ac, (19) = 


^0 2 r /-> \2 


{co^L, Y 


(1 0)q Lj C^) — ^ (2 4 ) — — 


Ac,(31) = 6Jo A,,,{33) = -|- 


A,,T3 4) 


L 


Ac,(3 9) = --^(1-^„L, C,) 


Aca (^ 3) — Ojq Aca ("^3) — 


c. 


Aca(5 2) = - 
Ac,(65) = - 


^1 DO 


'Y , 1^1 0^1 
1 


r, 


Ac, (5 4) = ' 


Ac, (6 ^) ~ " 


O QO 


T v^oA 


Arc, (5 5) = 


// 


'w 


ArcA7 5)=-A 


r, 


Wl 


T, 


Pi 


Aca(7 6) = K„ (1 -|^) Arc, (8 5) = 


// 


T T 

ip ipf 


Ar,(8« = |^<l-A' 

Ip I PI 
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A„>(SS) = - 


A,,, (9 7) = 


A,(,{9S) 


1 ... . 

It^L ^ICiL 


Arc, {9 9) 


T, 


a sc 


5rcu(2 1) = — 5., ,,(4 2)=— 5,,,, (3 1) 


/Ml 


C iLlI' ^ /UU' " f- 

C / / 


Brcu(5 2) 


yi) 


7" 


fijci (8 1)--^-^ 


2/> 


5,,, (6 1) = - 


T 

-'// 


Cl (7 1 ) = /^/ 


^ in 

Tn 


Qci( 12 ) = C,,,(2 4) = 1 0 


B 6 2 Constant Current Control 

In The nonzero elements foi this controller ire same as those ot Const ml An^^lt 
contiollcr except that in this case two changes have to be made and are gi\cn below 

/Vcc(5 2) = 0 A;.cc(5 4) = 0 

B 7 Interconnection of Various Subsystems 


In this case the various vectors and matrices are defined as follows 



Xm Xe Xn Xs Xrc- 


system input vector = 

[«^|W^2 “mi “m’ “^1 “£ “s' “v4 “^1 “5 “re 1 

y^= system output vector = 

b«i H/ U ■'m Hi Ha Hi H He.] 
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0 0 
0 0 
0 0 
I 0 
0 0 
0 0 



/ 0 
0 I 
0 0 
0 0 
0 0 
0 0 


/ 0 
0 / 
0 0 
0 0 
0 0 
0 0 
/ 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 


0 0 0 
0 0 0 
0 / 0 
0 0 0 

0 I 0 

1 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 I 
0 0 0 
0 0 0 


0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 / 
I 0 


0 o' 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
/ 0 
0 0 
0 0 
0 / 
0 0 
0 0 
0 0 


A. 


0 0 0 
0 A,, 0 0 

0 0 A, 0 

0 0 0 A, 

0 0 0 0 

0 0 0 0 


0 0 

0 0 

0 0 

0 0 

's 0 

0 A,,, 


B, = 


Br\ 

0 

0 

0 

0 

0 


Br 

0 

0 

0 

0 

0 


0 0 
® B\i\ B^i 

0 0 0 

0 0 0 

0 0 0 

0 0 0 


0 0 0 0 

0 0 0 0 

Bn B, 0 0 

0 0 5,1 

0 0 0 0 

0 0 0 0 


0 0 0 0 

0 0 0 0 

0 0 0 0 

By, B,, 0 0 

0 0 Bn B, 

0 0 0 0 


0 

0 

0 

0 

0 ! 
Bn\_ 


c, 


^Rl 

C/f 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

" V, 
0 

0 

0 

0 

0 

0 

0 

0 


0 0 0 0 

0 0 0 0 

0 0 0 0 

C, 0 0 0 

0 Cvi 0 0 

0 0 0 
0 Cs, 0 0 

0 Cv4 0 0 

0 Cv, 0 0 

0 0 0 
0 0 0 C/t , 



D,, 0 0 0 0 0 0 

D, , ZJ), , 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

Or= ^ 0 00000 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 


0 0 0 0 0 0 0 

0 0 0 0 0 0 t) 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

Dv 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 {) 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 0 0 D, 0 0 

0 0 0 0 0 0 0 
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APPENDIX C 
SYSTEM DATA 

System Base Quantities 

Base Voltage = 400 kV 
Base MVA = 100 
Base Frequency = 50 Hz 

Generator Data 


Sn = 11 10 MVA 

Tiq=6 66 sec 

Vn = 22 KV 

/^„=0 44 sec 

Pf = 0 9 

T;o= 0 032 sec 

= 50 Hz 

r'o=0 057 sec 

Ra = 0 0036pu 

Xj=\ 933pu 

v,=0 21 pu 

A,=l 743 pu 

il 

o 

Vj=0 467 pu 

Xo =0 195 pu 

v^ = l 144 pu 

H = 3 22 sec 

Cy=0 3 12pu 

D = 0 

V ^ =0 3 1 2pu 


Transformer Data (on generator base ) 

X, =0 ]5 pu 
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Ti insmission Line Data 


Resistance (R) =0 055 Q pei phase per mile 

Inductve Re ictance (Xl) = 0 52 per phase per mile 

Suscept ince (Bc=-— ) =5 92 p. mho per phase per mile 

Natural load = 540 MW 

Lint Itnpth = 600 Km 

Excitation Syatem 


Vt=l pu 

Tu=0 sec 

V(=l pu 

Ka= 400 pu 

Vr„ux=9 75 pu 

Ta= 0 02 sec 

Vrniin” ^ Pt* 

Ke= 1 0 pu 

SEmax~6 95 

Te= 1 0 sec 

SEn„n=0 

Kf= 0 06 pu 

Tf= 1 0 SLC 


Static Var Compensator 

Tm= 2 4 ms Ts=5 0 ms Td= 1 667 ms 
Ki=1200 Kp= 1 Kd = 0 015 pu (3 % ) 

The parameters of Line Current auxiliary controller are given in the chapttis 3 4 5 
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Thyristor Controlled Senes Capacitor 


V dues of L| r Cl md R, ^ aie chosen such that the line is series compens itcd b> 
I 1 9c ol the line 1 C let uicL 

L, r = 0 000591 682 H 
C„ =0 2628097 F 
Rt r =0 000 1 pu 

The p II imctcrs ot CA and CC conti oilers iic in chapters 2 4s 

Power system stabilizer 

The parameters of PSS are given in chapters 3 4 5 
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APPENDIX D 


CALCULATION OF INITIAL CONDITIONS 


D 1 Generator Initial Conditions 

The vector di igum ot the over ill system is depicted in Fig E 1 The j^cnei iloi 
uirenl IS given by 



(El) 


where is the conjugate of generator terminal voltage V 

The field voltige and rotor aiij^le S are eompuled is follows 

(E2) 
(E^) 
(E4) 

where /^, is the component of generator current along d axis 
The initial values of other variables are 


C, =V^+I,(R +jx^) 
-nil 


/ 


/ 



(£ 5 ) 
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